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Zusammenfassung
Polyurethane bilden unter den Kunststoffen eine große und unersetzliche Ma-
terialklasse für die medizinische Industrie und Medizintechnik. Der Nachteil
dieser Polymere ist jedoch ihre schlechte Mittel- beziehungsweise Langzeitstabil-
ität im menschlichen Körper. Momentan eingesetzte Implantate aus Polyuretha-
nen versagen langfristig aufgrund von Hydrolyse, dem enzymatischen/oxida-
tiven Abbau des Weichsegments oder aufgrund von schlechter Heilung, welche
durch eine unvollständige Endothelisierung oder myointimale Hyperplasie her-
vorgerufen wird. Der Schwerpunkt in der Entwicklung eines neuen medizinis-
chen Polyurethans sollte deswegen auf der Optimierung der Biostabilität des We-
ichsegments und in einer besseren Kontrolle der Gewebe/Biomaterialwechsel-
wirkungen liegen.
Die vorliegende Arbeit beschäftigt sich mit der Synthese von α,ω-isocyanat-tele-
chelen Weichsegmenten basierend auf Polymethylmethacrylat, einem biostabilen
und in der Medizin routinemäßig verwendeten Kunststoff. Zunächst wurde eine
Strategie für die Darstellung von Isocyanat-Homotelechelen entwickelt. Durch
die “reversible addition fragementation chain transfer” Polymerisation (RAFT)
von Methylmethacrylat wurde ein heterotelecheles Polymer synthetisiert, wel-
ches die initiierende Gruppe des Kettenübertragungsreagenz am α-Ende und die
Dithiobenzoat kontrollierende Gruppe am ω-Terminus trägt. Durch eine radikal-
ische Austauschreaktion der ω-Endgruppe mit Hilfe eines Überschusses an Azoini-
tiator entsteht in einer ersten polymeranalogen Modifikation ein carbonsäure-
telecheles Polymer. Im letzten Schritt wird das isocyanat-homotelechele Weich-
segment durch eine katalysierte Reaktion der Carbonsäure mit Hexamethylen di-
isocyanat erhalten.
Des Weiteren wurden drei unterschiedliche, homogene, alkoholtelechele Hart-
segmentbausteine durch eine Reaktion von Butandiol mit einem aliphatischen
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Diisocyanat (Hexamethylen diisocyanat, Butan diisocyanat oder Dicyclohexyl-
methandiisocyanat) erhalten. Die Darstellung der thermoplastischen Polyure-
thane erfolgte durch das Koppeln von Hartsegmentbausteinen mit Polymethyl-
methacrylat Weichsegmenten.
Neben der Stabilität des Weichsegments spielt das kontrollierte Verhalten des Ma-
terials in seinem biologischen Umfeld eine große Rolle. Dieses kann durch die
Immobilisierung von spezifischen Molekülen an der Polymeroberfläche erreicht
werden. Vielfach verwendete funktionelle Gruppen für die chemische Immobil-
isierung von Peptiden (über ihren N-Terminus) stellen aktivierte Ester dar. Zwei
unterschiedlich Monomere (Acryloxy succinimid und Acrylamido hexanoic suc-
cinimid), beide mit aktivierten Estern in der Seitenkette, wurden synthetisiert
und im Anschluss, unter Anwendung der im vorherigen Kapitel entwickelten
Synthesestrategie für isocyanattelechele Polymere, mit Methylmethacrylat copoly-
merisiert. Die Aktivester Seitengruppen bleiben während aller Modifikationen
intakt und konnten für die chemische Immobilisierung von Modell-Aminen ver-
wendet werden. Durch das Koppeln der erhaltenen Weichsegmente mit Hexa-
methylendiisocyanat basierten Hartsegmentbausteinen wurden Polyurethane er-
halten.
Zuletzt wurde das synthetische Konzept für die Copolymerisation von MMA mit
Allyl Methacrylat angewendet, um so ein Polymer mit seitenständigen C,C Dop-
pelbindungen zu erhalten. Allyl Methacrylat ist ein regioselektives Monomer,
dessen chemische Struktur aus einer Methacrylat- und einer Allyl-Doppelbind-
ung besteht. Durch die RAFT-Polymerisation wird selektiv die Methacrylat-Dop-
pelbindung umgesetzt; es werden heterotelechele Polymerketten mit funktion-
ellen Seitenketten (C,C Doppelbindung) erzeugt. Die radikalische Austausch-
reaktion am ω-Ende und die katalysierte Kettenverlängerung mit Diisocyanaten
führen zu α,ω-homotelechelen Weichsegmenten. Während der Postmodifikatio-
nen treten keine Verzweigungen der Polymerketten auf, die funktionellen Seit-
vi
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enketten bleiben intakt. Die Weichsegmente konnten erfolgreich für die Syn-
these von Polyurethanen verwendet werden. Darüber hinaus wurde die Biofunk-
tionalisierung des Polymers mit einem Tripeptid (Glutathion) durch eine “Thiol-
Ene Click” Reaktion an der Seitengruppe des carbonsäuretelechelen Polymers
bestätigt.
vii
Summary
Polyurethanes represent a very broad family of polymers which earned an en-
viable and irreplaceable position within the medical industry and technology.
However, the mid- to long-term failure of the existing synthetic grafts caused
by hydrolysis, enzymatic or oxidative degradation of the softs segment and by
unfavorable healing processes (like incomplete endothelizations and myointimal
hyperplasia) are the major drawbacks of their contribution to health care delivery.
Optimizing the biostability of the soft segments as well as the tissue biomaterial
interaction is thus a major emphasis of research.
The present thesis deals with the synthesis of α,ω- isocyanate telechelic soft seg-
ments mainly build from poly(methyl methacrylate), a biostable and well ex-
plored biomaterial. In the first part of this work the synthetic strategy towards
the formation of isocyanate homo telechelics was investigated. Reversible addi-
tion fragmentation chain transfer polymerization of methyl methacrylate results
in a hetero telechelic polymer with the initiating part of the chain transfer agent at
the α-side and its dithiobenzoate controlling unit at the ω-terminus. In a first post
polymerization modification step the ω- end group was modified by a radical ex-
change reaction with an excess of azo-initiator. Finally, the carboxylic acid homo
telechelic polymer chains were modified by catalyzed end capping with hexam-
ethylene diisocyanate. The well defined structures of the hetero and (carboxylic
acid and respectively isocyanate) homo telechelic polymers were confirmed.
Next three different homogeneous, alcohol homo telechelic hard segment build-
ing blocks were prepared by a reaction of butane diol with hexamethylene diiso-
canate, butane diisoyanate or diisocyanato dicyclohexylmethane. The coupling of
the hard- and poly(methyl methacrylate) soft segments resulted in three different
thermoplastic polyurethanes.
The aspired controlled behavior of the material in a biological environment can be
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archived by the immobilization of specific molecules onto the polymers surface.
Versatile functional groups for the coupling of peptides through the N-terminus
are activated esters. Two different monomers (acryloxy succinimid and acryl
amido hexanoic succinimide) with pendant succinimide side groups were syn-
thesized and afterwards co-polymerized with methyl methacrylate following the
synthetic strategy of the PMMA soft segment preparation in the previous chapter.
The functional side group stays intact during all post polymerization modifica-
tion steps and was used for the immobilization of a model amine. Coupling the
soft- and hexamethylene diisocynate based hard segment building block resulted
in a thermoplastic polyurethane.
Finally, allyl methacrylate was used as a co-monomer in order to obtain soft seg-
ments with allyl pendant side groups. Allyl methacrylate is a regio selective
monomer whose chemical structure consists of a methacryl- and an allyl dou-
ble bond. By RAFT polymerization the methacrylic double bond is polymerized
selectively and hetero telechelic polymers with pendant double bond side groups
were prepared. A radical exchange reaction at the ω-end group and the catalyzed
end capping of the carboxylic acid homo telechelic polymers with isocyanate re-
sulted in α,ω-isocyanate- homo telechelic soft segments. No branching of the
polymer chains occurred during the preparation. The obtained soft segments
were successfully used for polyurethane synthesis. The pendant double bond
side functionality stays intact during all modification steps. Furthermore, in this
chapter the possibility of immobilizing functional molecules onto the polymer
was outlined by “thiol-ene click” reactions of a tripeptide (glutathione) at the C,C
double bond of the carboxylic acid telechelic copolymers.
ix
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1 Motivation
Polyurethanes form a large group of macromolecular materials. Because of their
various chemical compositions and adjustable properties they are widely used for
industrial applications (as clothing materials, automotive and construction parts,
footwear, furnishing, as paints and other coatings). The diversity of the materials
is achieved through the different chemical compositions of the hard- and soft
segments which form segmented block copolymers. Because of the potential –
its high tear strength, mechanical flexibility, bio- and haemo-compatibility – the
material attracted attention in the field of biomaterials.
First attempts in the late 1950s used poly(ester urethane) foams as a biomate-
rial for breast implants. However, in the early years prosthesis were built by
adopting the application of common polyurethanes and a number of drawbacks
quickly occurred; most important the lack of stability of the soft segment in the
biological environment. Poly(ester urethanes) are hydrolytically unstable, wereas
poly(ether urethanes) are sensible against metal ion oxidation (MIO) and environ-
mental stress cracking (ESC) and poly(carbonate urethanes) are degraded enzy-
matically. Today, because of a lack of alternatives the main classes of thermoplas-
tic polyurethanes for chronic implantations consist of poly(tetramethylene ether)
or poly(trimethylene carbonate) based soft segments. An advancement of the ex-
isting polyurethanes used for medical applications would be a soft segment with
a carbonate based backbone (no ester or ether bonds) which garantees a higher
resistance against biodegradation.
A biostable material with a good biocompatibility is Poly(methyl methacrylate) –
with an only carbon based backbone– which, over decades, has successfully been
used in medical routine (as dental devices, bone cements, contact and intra ocular
lenses, for screw fixation and vertebrae stabilization).
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Another improvement towards biomedical polyurethanes compromises the ap-
plications of coating technologies and surface modifications that will control the
biological response of the living host environment. Shortly after implantation
proteins adsorb onto the polymer surface. The unspecific adsorption of biomole-
cules can cause massive inflammatory response and the loss of functions of the
implant. The surface modification of polymers with bioactive molecules, like pep-
tides or amino acid sequences, controls the adsorption of specific endothelial cells
or matrix proteins and significantly improves the performance of the biomaterial.
Based on this background the motivation for this thesis was to prepare new poly-
(methyl methacrylate) based homo telechlic soft segments for potential use in
stable, biomedical polyurethanes. The carbon based backbone of the soft seg-
ment should guarantee a good biostability of the building block. Methacrylate
monomers (N-acryloxysuccinimid, 6-acrylamidohexanoic succinimid and allyl-
methacrylate) with functional and reactive side groups are copolymerized with
MMA; the biomaterial can afterwards by modified by incorporation of bioactive
molecules.
1.1 Content of this Thesis
In Chapter 2 a deeper scientific background concerning the preparation of telech-
lic polymer chains is given. Reversible addition fragmentation chain transfer as
the polymerization technique applied in this thesis and the radical exchange re-
action at the ω-end group of the achieved polymer chains is described in detail. A
subsection offers a closer view on biomaterials, with the focus on the biostability
of polyurethanes.
Chapter 3 presents the preparation of α,ω- homo telechelic polymers. In this
chapter homopolymers were prepared in order to prove the strategy of a post
polymerization modification by radical exchange and a catalyzed reaction with
isocyanates. Reversible addition fragmentation chain transfer polymerization of
3
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methyl methacrylate resulted in hetero telechelic polymer Het-PMMA. The radi-
cal exchange reaction at the ω-terminus leading to carboxylic acid homo telechelic
Ca-Hot-PMMA was examined in detail. The formation of homogeneous COOH
end groups was confirmed by SEC, FT IR, UV-VIS, 1H NMR and MALDI TOF
analysis. Catalyzed end capping of the chains with hexamethylene diisocyanates
resulted in reactive soft segment building blocks (Is-Hot-PMMA). In the corre-
sponding Appendices A, B and C further information about the synthesis of the
RAFT CTA, the determination of the kinetics and end group analysis by MALDI
TOF are supplied.
Next, in Chapter 4 the use of the soft segment for polyurethane synthesis was
investigated. Different hard segment building blocks were prepared from bu-
tane diol and three different aliphatic isocyanates (hexamethylene - , 1,4 butane-
and dicyclohexylmethane diisocyanate). Polyurethane syntheses were performed
with Is-Hot-PMMA soft segments.
The RAFT co-polymerization of MMA with two activated ester monomers is
the content of Chapter 5. The successful co-polymerization of monomers with
pendant activated ester groups allows immobilization of amino acid sequences
through the N-terminus by post polymerization modifications. N-Acryloxysuccin-
imid and 6-acrylamido hexanoic succinimide were prepared. The reactivity ratios
of the monomers when co-polymerized with MMA were determined. Hetero
telechelic polymers with activated ester side chains were obtained (Het-PMMA/
NAS and Het-PMMA/ AAHS). Radical exchange reactions resulted in carboxylic
acid homo telechelics (Ca-Hot-PMMA/NAS and Ca-Hot-PMMA/AAHS). Reac-
tion of a model amine with the activated ester outlines the possibility of side
group modifications. By chain extension reactive homo telechelic soft segment
building blocks are synthesized (Is-Hot-PMMA/NAS and Is-Hot-PMMA/AAHS)
and coupled with hard segment building blocks in order to obtain polyurethanes.
Detailed characterization was performed, by SEC, FT IR and 1H NMR measure-
4
1 Motivation 5
ments. Instructions for the synthesis of N-acryloxy succinimide and determina-
tion of the co-polymerization ratios are provided in Appendix D and E.
Chapter 6 presents the synthesis of α,ω-homo telechelic poly(methyl methacryl-
ate-co-allyl methacrylate). The regio specific reaction of allyl methacrylate al-
lows the preparation of pendent C,C double bond side functionalities. The re-
ceived copolymer provides pendant side chains on which bio activation could
occur through a thiol-ene reaction. Analogous to the previous chapter hetero and
homo telechelic polymers (Het-PMMA/AMA, Ca-Hot-PMMA/AMA and Is-Hot-
PMMA/ AMA) were obtained. Side group modifications by a “thiol-ene click”
reaction with a tripeptide prove the possibility to introduce a bioactivity. Is-Hot-
PMMA/AMA soft segments were used for polyurethane synthesis. The bromi-
antion of the pendant side groups is presented in Appendix F.
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2 Introduction
2.1 Telechelic Polymers
A major attempt in polymer chemistry is to design materials whose chemical
structure and physical behavior fulfills the needs of a required application. In
this regard end-group functional polymer chains are of great interest because
they have the capacity to be used as prepolymers for polymer networks, for sur-
face treatment, as cross linkers, chain extenders and precursors for graft or block
copolymers. [1] Star or dendritic polymer structures can as well be achieved (Fig-
ure 1).
The combination of two or more prepolymers to a new material results in various
chemical architectures and a tailored physical properties. Depending on the kind
of end-group functionality telechelic polymers are divided in:
• Mono- or semi telechelic: Polymers with just one defined end-group
• Hetero telechelic: Polymer chains with two defined end-groups of different
chemical structures.
• Homo telechelic: Polymer chains with the same end-group at the α- and
ω-side of the chain.
An easy way to synthesize telechelic polymers is step growth polymerization,
where the excess of one monomer results in polymer chains with defined end-
groups. [2] Furthermore, ring opening polymerization processes allow the in-
corporation of functional end-groups through the initiator, by end capping or by
transfer reactions. [3] By living polymerization procedures, like anionic polymer-
ization, (beside others) polymers with hydroxyl [4], mercapto [5], carboxyl [6] or
amino [7] termini were obtained.
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Figure 1: Polymer architectures made of telechelic building blocks.
However, end-group functional polymers can as well be obtained by conven-
tional free radical polymerization (FRP), when the termination reaction is con-
trolled and only recombination occurs. (Disproportion would result in a sat-
urated and an unsaturated end-group). Recombination reactions resulting in
7
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telechelic polymers are supported either by the use of a high concentration of
initiator (dead end polymerization) [8] or by the presence of a transfer agent [9].
Several new ways to synthesize telechelic polymers came up with the develop-
ment of controlled radical polymerization (CRP) methods:
• Atom transfer radical polymerization (ATRP) involves the homolytic cleav-
age of a carbon halogen bond by a redox reaction between an organic halide
and a transition metal salt. Telechelic polymers can be achieved by the use
of functional initiators and the chemical transformation of the halogen end-
group. [10][11][12]
• Nitroxide mediated radical polymerization (NMRP) is based on the reversible
deactivation of growing radicals by stable radicals such as 2,2,6,6, tetra-
methyl piperidinyloxy (TEMPO). Functional end-groups can either be plac-
ed at the initiating end of the controlling molecule or at the mediating chain
end. [13][14][15]
• Methods to receive telechelic polymers by reversible addition fragmenta-
tion chain transfer polymerization (RAFT) will be described in a subsection.
A good overview on telechelic polymers synthesized by CRP methods can be
found in reviews [16], [17] and [18].
2.2 Reversible Addition Fragmentation Chain Transfer Polymer-
ization
The main idea of CRP reactions is a dynamic equilibrium between active radi-
cals and a dormant species which allows a slow but simultaneous growth of the
polymer chains while the low concentration of radicals guarantees a controlled
polymerization through a minimization of termination reactions. Furthermore
the obtained polymer chains have a living character. Because of its good com-
patibility towards functional groups, solvents, initiators and its various reaction
8
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conditions RAFT can be performed with various monomers and is therefore one
of the most versatile CRP methods. So far RAFT has been used to prepare nar-
rowly distributed (co-)polymers with manifold architectures form simple linear
[19] to hyper branched [20] or star shaped polymers [21].
The RAFT process was first reported by Rizzardo et al. in 1998. [20] The method
can be described as a modified radical polymerization in which the presence of
a chain transfer agent reversibly controls the concentration of growing polymer
chains. The mechanism of the RAFT polymerization is presented in Figure 2.
 
Dead polymer 
Initiation
Reversible Chain Transfer/ Propagation
Reinitiation
Chain Equilibrium
Termination
Figure 2: RAFT mechanism.
In the initiation step radicals are formed by decomposition of an initiator (for ex-
ample an azo-initiator). Chain growth starts by addition of monomers. In the
9
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propagating step oligomeric radicals react with the sulfur of the S=C group of
the CTA forming an intermediate which can fragment resulting in either the CTA
and oligomer or in a oligomeric CTA and a new initiating radical, which grows
further by adding monomers. During the proceeding reaction the polymer chains
grow by adding monomers. The rapid interchange on the chain transfer agent in
the equilibrium state keeps the concentration of radicals low and therefore con-
trols the reaction by suppressing the unwanted termination of growing polymer
chains.
Characteristic for the chemical architecture the RAFT CTAs is a thio carbonyl
thio compound (ZC(=S)SR) which is presented in Figure 3. The effectiveness
of the CTA depends on the monomer used and the chemical structure of the R
group, which should be an as good leaving group as the initiating radical. In
regard to a controlled synthesis of defined polymer structures (as in this case of
telechelic polymers) it is necessary to choose the right reaction conditions and a
suitable chain transfer agent (CTA). In review [22] the influencing factors (steric
hindrance, radical stability or polar effects) affecting the right choice of the CTA
are summarized.
 
Z-group controls the reactivity of C=S bond
Free radical leaving group
Weak R-S bond
Reactive double bond
Figure 3: Structure of chain transfer agents.
Furthermore, the CTA does play an important role for the synthesis of telechelic
polymers. The α- termini of the RAFT polymer chains are obtained by the incor-
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poration of functional groups into both the R group of the CTA and the initiator.
A wide range of hetero telechelic polymers, with rather simple α-end-groups like
carboxylic acids up to more complex peptide termini, were prepared. [23][24][25]
When the RAFT process is controlled the dithioester dormant species at the ω-side
of the chain introduces a second functionality. It can be thought as a masked thiol
on which post polymerization modifications are performed. However these reac-
tions do not remove the temperature labile dormant species from the end of the
polymer chain. During the RAFT process this group is meant to fraction easily.
This bears a problem for the thermal stability of the ω-terminus of the telechelic
material. As a consequence Moad et al. discussed several ways, which result
in defined ω-end-groups including the removal of the dormant species. [26][27]
Some of the suggested ways for the modification of the ω-terminus are presented
in Figure 4.
• Thermal elimination:
Thermolysis of the end-group results in elimination of the dithioacid and
formation of an unsaturated chain end which can decompose.
• Reaction with a nucleophile:
The post polymerization modification of the ω-end-group with nucleophiles
or reducing agents is an often used method for the preparation of tele-chelic
chains. Amines [28] or alkoxides [29] transform the ω-terminus into a thiol
group which can undergo further modifications - for example by “thiol-ene
click” reactions or Michael additions.
• Reaction with a diene:
By a reaction of the dienophil (thio carbonyl terminus) with a dien by a
Diels-Alder reaction several hetero telechelic polymers were obtained. [30]
[31]
• Radical induced end-group removal:
11
12 Introduction 2
For the cross coupling reaction an excess of initiator is used to functional-
ize the ω-end-group of the RAFT polymer. Since this post polymerization
reaction is of main interest for this work it will be discussed in detail in a
separate subsection.
R
R
R
R
R
Figure 4: Telechelic polymers by RAFT.
2.2.1 Radical Exchange Reaction
Cross coupling is a versatile method in which the dormant character of the ω-
end-group is used for post polymerization modifications. When the temperature
is raised the C-S bond of the CTA will break and a radical is formed at the ω-
terminus of the polymer chain. With a large excess of a second radical species,
which is formed by the cleavage of an azo-initiator, termination reactions will oc-
cur, which result in an end-group functionalized polymer and a recombination
12
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product of the dithiobenzoate (CTA) and initiator radical. This post polymeriza-
tion modification allows the incorporation of a wide range of end-groups such as
COOH, OH, NR2 or CONR2 through a cross coupling reaction. (At the moment
amine end functionalized polymer chains are not accessible directly because of
their side reactions with the dithiocarbonates forming a thiol and a dithiocarba-
mate derivative.) [26] The idea of a radical exchange was first introduced by
Perrier et al. [32] who removed the dithiobenzoate end-group of RAFT polymer-
ized poly(methyl methacrylate) by cross coupling the terminus with an excess of
2,2-azo(bis)isobutyronitirile (AIBN) (see Figure 5). The complete removal of the
dithiobenzoate end-group and the recovery of the RAFT CTA were confirmed by
1H NMR spectroscopy. Furthermore the removal of the aromatic end-group does
have an optical effect on the material, the color of the polymer changes from pink
to white.
 
Figure 5: Synthesis of homo telechelic polymers by radical exchange.
Cross coupling modifications were further investigated by Rizzardo and cowork-
ers who used acrylate or styrene RAFT polymers and lauroyl peroxide as a cleav-
ing agent. [33] Maynard et al. prepared hetero telechelic polymer-protein conju-
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gates by a radical exchange reaction at the thiocarbonyl end-group using an ex-
cess of a protected maleimide functionalized azo-initiator. Deprotection resulted
in defined end-groups that were selectively coupled to streptavidin (SAv) and
bovine serum albumin (BSA). [34] If an initiator and a hydrogen atom donor are
used together, the RAFT CTA controlling unit can be removed and a hydrogen
end-group is formed. [35] Lately hypophosphite salts were investigated for end-
group modifications showing good results on acrylate and styrene polymers. [36]
2.3 Biomaterials
Biomaterials are substances used for the preparation of medical devices, interact-
ing with biological systems in order to replace or treat tissue or organ functions
in the body. [37] The use of natural or synthetic materials as implants to replace
a part of the living system and to support or take over its function is not a new
concept. Probably one of the first biomaterials was amalgam, whose use as an
implant dates back to the Tang dynasty in 700 ac. Another early biomaterial is
gold, which was used as an implant in the Egyptian cultures approximately 2000
years ago. Later on ivory, ceramics or metals were used. [38] Today a wide range
of materials from metals over ceramics to polymers are used as medical devices
taking over different functions in the biological system. In Table 1 examples for
different materials and some of their applications are presented.
Today polymers are often used to build medical implants, since the properties of
such synthetic materials can be designed to fit best for the desired application. A
big issue in the development of synthetic biomaterials is biocompatibility, which
describes “the ability of the material to perform in the body with an appropriate host re-
sponse.” [39] The mechanical behavior of the material is of great importance since
a mismatch of the implant and the body tissue results in inflammatory response
and the loss of function of the biomaterial. The use of polymers as biomaterials
dates back to the Second World War. Poly(methyl methacrylate) was one of the
14
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Class Material Application
Metals Stainless steel Hip joint
Titanium Bone fixation
Ceramics Hydroxyapatite Bone repair
Aluminum oxide Teeth
Polymers Poly(ethylene) Hip joints
Poly(dimethyl siloxane) Breast prostheses
Poly(ethylene terephthalate) Vascular grafts
Poly(methyl methacrylate) Bone cement, dentures, in-
traocular lenses
Poly(tetrafluoro ethylene) Vascular grafts, facial
prostheses
Polyurethane Facial prostheses, blood
device interfaces
Table 1: Materials used as medical devices.
first polymers, used for artificial coronal substitutes; later on, in 1947, Nylon was
used for medical applications. Today polymeric biomaterials are employed in
medical routine and can be arranged into two classes:
• Biodegradable materials:
Polymers that, after a defined time interval, degrade in non-toxic products.
Those materials are mainly used for tissue engineering [40] and drug de-
livery tasks. [41] They are designed for short term applications and should
support the body during this limited period. Many biodegradable bioma-
terials are built from polyesters (for example poly(lactic acid) and poly(gly-
colic acid) whose ester bonds are cleaved when the material is in contact
with water and non-toxic alcohols and carboxylic acids are formed.
15
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• Biostable materials:
Polymers that are used as implants for long term applications (isolations of
the electric cord of pace makers, hip joints, prosthesis and patches). [38]
They are implanted when the biomaterial has to permanently replace a
part/function of the body. Biostable prosthesis are designed to last as long
as possible. The materials used for long term applications are for example
poly(tetrafluoro ethylene) (Teflon R©) or poly(methyl methacrylates). [42]
2.4 Polyurethanes
Polyurethanes (PUR) have a long tradition as biomaterials. Depending on the
composition of their soft segment they can be used in biodegradable (polyester
polyurethanes) or biostable (polyether polyurethanes) applications. Polyurethanes
were first synthesized by Otto Bayer and his research group at the IG Farben in
Leverkusen in 1937. [43] Approximately 3 years later the company started the
industrial production of the material.
In general polyurethanes are synthesized via a polyaddition reaction of a diiso-
cyanate, a chain extender and a short polymer chain, which bears active hydro-
gen end-groups, often a polydiol. The coupling of the isocyanate and the alcohol
results in the formation of a carbamate -NHCOO- (urethane) linkage. Depend-
ing on the character of the components (length of building blocks, functionality,
chemical composition of the soft segment, aromatic or aliphatic hard segment)
materials with different mechanical behaviors are formed. The wide range of
adjustable components make PURs very versatile materials for biomedical appli-
cations. Reaction of the described three components always results in polymers
with a final block-copolymer-like structure, where two different polymer chains
(hard- and soft segment) are covalently linked. A micro phase separation occurs
in which, depending on the size of the building blocks, the incompatible parts
order themselves in micro domains (see Figure 6).
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Figure 6: Micro phase separation of polyurethane.
The soft segment is often built of a homo telechelic, amorphous and hydropho-
bic polymer chain with molar masses of (Mn= 2000 - 10 000 g/mol). It can be
imagined as a spring which is responsible for the elastic properties of the mate-
rial. The other domain is built of the diisocyanate and the chain extender (quite
often a diol; like 1,4-butane diol) and forms the polar and crystalline hard seg-
ment. The structure of each hard segment consists of hydrogen donating NH and
hydrogen accepting carbonyl groups as the basis for strong inter chain hydro-
gen bonds between carbamate groups. Those interactions are responsible for the
high degree of aggregation and order in the hard segment domains, which result
in a crystalline or pseudo crystalline structure. Connection of the soft- and the
hard segment leads to polymer chains with a phase separated structure where
crystalline areas are surrounded by soft, amorphous polymer chains.
Due to its elasticity, its assessable mechanical properties and its good biocom-
patibility PUR were early used as a material for long term medical applications.
Starting in the 1950 with the early attempts to use PUR for implantable roller
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pumps, as coatings of artificial hearts and as foam for breast prosthesis. [44] In
the 1970th the idea that polyurethanes could be used for vascular grafts came up.
The use of polyurethanes as a biostable biomaterial and the complications that
came along should be described in the following subsections.
2.4.1 Hard Segment
Designing promising biostable polyurethanes, it is important to have a look at
the hard segments composition. Here the toxicity of the diisocyanates plays an
important role. The choice of the right isocyanate for a hard segment of a medi-
cal PUR has been discussed controversial in the past. The different opinions are
explained exemplary by the comparison of the aromatic diphenylmethane diiso-
cyanate (MDI) based hard segment and its aliphatic antagonist a 4,4-diisocyanato
dicyclohexylmethan (H12MDI) based one (see Figure 7).
 
MDI H12MDI
Figure 7: Chemical structure of aromatic MDI and aliphatic H12MDI.
The stability of inter- and intramolecular bonding of the micro domains is the
main argument for the use of aromatic isocyanates. The aromatic MDI is a rigid
molecule with delocalized pi-electrons and impending rotation of the C-C bonds.
This results in higher bond strength of MDI and more energy is required to break
the urethane bond. Because of its rigid structure MDI is also able to build up
strong intramolecular bonds. Hard segments made of MDI do therefor show
good crystallinity and appear more stable. Aliphatic hard segments do not show
such a good crystalline structure, because of the many conformational isomers
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(boat or chair conformation) in which H12MDI can be ordered and which hin-
der the formation of hydrogen bonds. The ability to form crystalline hard seg-
ment domains can be characterized by the comparison of melting points of an
aromatic PUR (190-230 ◦C) and an aliphatic PUR (170-185 ◦C). Furthermore sim-
ilar polyether based polyurethanes (one made with MDI, the other made with
H12MDI hard segments) were implanted for 12 weeks. Afterwards they were
compared in a study made by Hergenrother et al. [45] The results showed that
the aromatic isocyanates performed much better and did not show any stress
cracking or massive weight loss.
On the other hand there is a concern about the toxicity of the biomaterial. During
the sterilization or processing the hard segments can degrade; the diisocyanate
corresponding diamine is formed. In case of our model substances, 4,4-methylene
dianiline (MDA) and methylenedicyclohexyl diamine (H12MDA) are released.
[46] MDA is classified as a cancerogenous substance. Therefor any concerns about
the use of aromatic isocyanates are definitely eligible, even though so far no stud-
ies outlined that the use of aromatic or aliphatic based polyurethane implants
would bear a higher risk to suffer from cancer than for example the use of Teflon
or silicon rubber prosthesis.
2.4.2 Soft Segment
For the long term stability of PUR implants the composition of the soft segment
is of greater interest since the hydrogen bonds of the hard segment are a good
shield against its biological degradation. The development of the soft segment in
order to avoid degradation can exemplary be described on the scientific research
performed in order to design a small diameter vascular device.
Because of the good blood compatibility of PUR Braun Melsungen developed the
probably first generation of small diameter vascular devices containing polyester
soft segments. [47][48] First, the new graft seemed a promising product, showing
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a good biocompatibility in in vivo testing. But after a short while of implanta-
tion in the human body the surface of the graft underwent chemical modification
and the implants degraded hydrolytically. [49][50][51] All medical studies using
Brauns vascular graft had to be stopped after more than 50 % of the prosthe-
sis occluded within the first year. As described before, today polyester based
polyurethanes are considered as biodegradable materials and are only used for
short term applications.
Soon afterwards another idea of an implantable vascular graft based on poly(ether
urethane)s was developed. [51] In short term clinical trials on small diameter
grafts, the material seemed to be promising. In vivo the polyurethane was very
stable against hydrolytic decomposition, but the PUR device did not keep its
shape. Grafts made of polyether based polyurethanes cannot be considered as
long term biostable materials, because they undergo environmental stress crack-
ing and are degraded oxidatively. But still, polyether based Vectra grafts did
receive a clearance of the American Food and Drug Administration in 2000. [52]
A second graft, made of the same polymer which will be used as a small diameter
graft for a coronary bypass is so far undergoing clinical trial.
On the basis of those experiences a third material was developed under the aspect
of biostability. A polycarbonate soft segment was chosen in order to avoid any
ester or ether linkages, which was thought to make the graft more stable against
hydrolytic and oxidative decomposition. The results seemed promising since a
polycarbonate polyurethane graft was successfully implanted and the material
did not show any significant degradation for a longer period than the polyether
polyurethanes. [53][54] However, today there are several evidences proving that
polycarbonate polyurethanes undergo enzymatically degradations by a choles-
terol esterase. [55][56][57]
The last paragraph outlined that the big disadvantage of PUR prosthesis is (so-
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oner or later) the degradation of the soft segment, especially if a biostable material
is desired. A closer explanation of the (above mentioned) different degradation
mechanisms can be found in the publications of Labow et al. [58] and Ander-
son et al. [59] A future trend in biomaterial research could be the development
of soft segments which are built of carbone-carbone backbones only and should
therefore not undergo hydrolytic or oxidative degradation.
2.5 Bioactive Materials
One of the main requirements towards a successful medical use of a biomaterial
is a good interaction between the implant and its biologic environment, which
results in a close contact to the tissue and less foreign body reactions (e. g. throm-
bosis, encapsulation, inflammation). Those foreign body reactions are caused by
several biological processes which occur when a material is implanted and influ-
ence the surfaces structure. Besides others, the absorption of proteins [60], redox
reactions [61], elution of ions and molecules, the immobilization of cells and mi-
cro mechanic forces are the main factors which result in a modification of the
biomaterials surface. They cause an immune answer which works against the
acceptance of the implant. To overcome this, biochemical modifications of the
biomaterial can lead to a controlled immune answer and support the long term
stability of the prosthesis.
In general biomaterials are classified in bio-inert (non-toxic but with no con-
trolled interactions), biocompatible (few controlled interactions) and bioactive
materials (controlled interactions, supporting the healing and tissue contact). [62]
Through a surface modification, like the immobilization of bioactive molecules,
bio-inert and biocompatible materials can be transformed in bioactive implants,
which control the cell and tissue specific interactions and cause healing. Modifi-
cations with hormones, growth factors and cell adhesive peptides are a promising
method for a functional material-tissue contact. [63][64][65][66]
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If a biomaterials surface is modified by chemical absorption of bioactive mole-
cules, a side group has to be incorporated on which the polymer can be modified
by polymer analogues reactions.
The postpolymerization modification on pendant activated carbonyl functional-
ities is a long known concept. A nucelophilic substitution on polymers bearing
activated esters was first done in 1972 by the research groups of Ringsdorf et
al. [67] and Ferruti et al. [68] Activated esters react quantitatively with amines in
order to form amides which makes them a versatile tool for the chemical immobi-
lization through the N-terminus of peptides. Common activated ester monomers
have a succinimid- [69] or pentafluor ester [70] at the side chain. So far activated
esters have been successfully (co)polymerized by free radical and controlled rad-
ical polymerization (CRP) methods. [71][72] In his review Theato gives a broad
overview on the CRP synthesis of pendant activated ester polymers. [73]
A second interesting pendant side group is a double bond. Because of the mild
reaction conditions and the water performable reaction Michael additions of acti-
vated alkenes and thiols are a promising polymer analogues reaction [74], which
was extensively studied by Jerome et al. [75][76]. Furthermore, UV light induced
“thiol-ene click” reactions are easy to achieve. [77][78] Allyl methacrylate (AMA)
[79] was successfully incorporated into (co)polymers by free radical and con-
trolled radical polymerizations. The double bonds of asymmetric monomers can
be reacted selectively and should therefore, under selected conditions, be radi-
cally polymerizable to linear macromolecules. A good example for such an asym-
metric monomer is allyl methacrylate (AMA) whose chemical structure consists
of a reactive methacryl double bond and a less reactive allyl one.
Furthermore furane protected maleimide monomers were radically polymerized.
[80] The deprotection (post polymerization) via a retro-Diels-Alder reaction works
quantitatively. [81] So far the research group of Swager et al. used this strategy
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for a post polymerization modification of poly(phenylenethinylene) with Rho-
damine. [81]
23
3 Synthesis of
α,ω-Isocyanate-telechelic
Poly(methyl methacrylate)
In this chapter the main focus lies on the development of a synthetic strategy
for the formation of reactive soft segment building blocks. The preparation of
α,ω-isocyanate-telechelic poly(methyl methacrylate) using RAFT polymerization
and two post polymerization modification steps is presented. The syntheses of
isocyanate homo telechelics are essential since they make radically polymerized
macromolecules accessible for the use as soft segments in polyurethanes. The
synthetic strategy includes the RAFT polymerization of methyl methacrylate with
4-cyano pentanoic acid dithiobenzoate, which results in a hetero telechelic poly-
mer with molar masses of 2000 < Mn < 10000 g/mol. In the first modification step,
using an excess of 4,4’-azobis(4-cyano pentanoic acid), homo telechelic PMMA
with carboxylic acid end-groups was successfully prepared. In the second step
the carboxylic acid end-groups are reacted with hexamethylene diisocyanate in
excess and magnesium chloride as a catalyst. Under mild reaction conditions
(80 ◦C, 4 h) the isocyanate homo telechelic PMMA was obtained. A conversion of
86 % of the carboxylic acid end-groups was achieved. The hetero/homo telechelic
character of the polymer chains is confirmed by size exclusion chromatography
(SEC), nuclear magnetic resonance spectroscopy (NMR), Raman spectroscopy,
UV-Vis and matrix-assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF-MS).
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3.1 Introduction
Telechelic polymers with defined end-groups are widely used as polymeric build-
ing blocks for the formation of polymer networks or the synthesis of block copoly-
mers. [82][83] Reactive end-groups, such as alkenes, amines, thiols, alcohols, car-
boxylic acids or activated esters are favored. One possible way to introduce the
end-group functionality is to use free radical polymerization with an excess of
initiator to control the termination reaction. [84] With the development of the
controlled radical polymerization; atom transfer radical polymerization (ATRP),
nitroxide mediated polymerization (NMP) and reversible addition fragmentation
chain transfer polymerization (RAFT), several other attempts have been made, in
order to build telechelic macromolecules.[85][86][87][88]
By RAFT polymerization macromolecules bearing the initiator radical (R) of the
chain transfer agent (CTA) at the α-side and the dithiobenzoate controlling unite
(Z) at the ω-side are obtained (Figure 8). The functional group of the α-end does
often come from the CTA or initiator directly. The final ω-functionalization can be
achieved by reductive, thermolytic or aminolytic modifications of the dithioben-
zoate post polymerization. [88][89][90] Alternatively, Brokken-Zijp et al. used a
bifunctional RAFT CTA, where the resulting polymer chain could be cleaved in
the center. [91]
ω- end-groupα- end-group
Figure 8: Structure of a polymer prepared by RAFT.
25
26 α,ω-telechelic Poly(methyl methacrylate) 3
Another way for the synthesis of telechelic polymers was described by Perrier
et al. [92] who took advantage of the dormant character of the resulting poly-
mer chain. Using the right combination of chain transfer agent and an azo-
initiator α,ω-telechelic polymers with nitrile or carboxylic acid end-groups were
obtained. Isocyanates are highly reactive functional groups, which can easily un-
dergo polyaddition reactions with alcohols or amines. However, coupling of an
aliphatic isocyanate with an aliphatic carboxylic acid is one of the less reactive
systems, which requires long reaction times and high temperatures. Gürtler et al.
[93] investigated several catalytically active metal salts, showing that magnesium
chloride is a good catalyst for the formation of the required amide bond, even for
sterically hindered molecules.
In the present study we investigated the RAFT polymerization of methyl meth-
acrylate as a model monomer by 4-cyanopentanoic acid dithiobenzoate as a CTA
and 4,4’-azobis(4-cyano pentanoic acid) as an azo-initiator. By RAFT polymer-
ization a hetero telechelic PMMA (Het-PMMA) is obtained. Post polymerization
modification leads to a homo telechelic PMMA with carboxylic acid functional
groups (Ca-Hot-PMMA) by using an excess of azo-initiator. The resulting homo
telechelic polymer was reacted with hexamethylene diisocyanate in the presence
of magnesium chloride as a catalyst in order to obtain isocyanate terminated
poly(methyl methacrylate)s (Is-Hot-PMMA).
3.2 Experimental Part
3.2.1 Materials
Synthesis of 4-cyano pentanoic acid dithiobenzoate was performed according to
the literature. [94] Methyl methacrylate 1 was destabilized by vacuum distilla-
tion and stored under nitrogen atmosphere at 5 ◦C. 4,4’-Azobis(4-cyano pentanoic
1all from Sigma Aldrich
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acid) 1 was recrystallized from methanol prior use and stored at 5 ◦C. Magnesium
chloride 1 was dried by lyophilisation and stored under nitrogen atmosphere. All
other chemicals 1 were used as received.
3.2.2 Methods
1H NMR spectra were recorded on a Bruker AC400 FT NMR spectrometer at
400 MHz. Deuterated DMSO and CDCl3 were used as solvents and tetramethyl-
silane (TMS) served as internal standard.
Molecular weights (Mn and Mw) were determined by size exclusion chromatogra-
phy (SEC) using DMF with LiBr (1 mg/mL) as eluent, a flow rate of 1.0 mL/min, a
high pressure liquid chromatography pump (Bischoff HPLC Compact pump) and
a RI detector (Jasco RI-2031 plus). Calibration was achieved using poly(methyl
methacrylate) (PMMA) standards. Results were evaluated using WinGPC Unity
software.
Raman spectroscopy was performed on a Bruker FT-Raman Spectrometer RFS
100S with a Nd:YAG laser (200 mV). Each spectrum was recorded with 500 scans.
MALDI-TOF was carried out on a Bruker ultrafleXtreme spectrometer. All so-
lutions were prepared in THF. The samples (3 µL of 10 g/L) were deposited
in a (E)-2-(3-(4-t-butyl-phenyl)-2-methyl-2-propenylidene) malononitrile (DCTB,
200µL of 20 g/L) matrix, with sodium trifluro acetate (0.5µL of 10 g/L) as ion-
izing reagent. All samples were prepared using the “dried droplet” method. The
MALDI TOF was pre-calibrated using a peptide standard for measurements at
small molecular weights. A second calibration was performed using PMMA stan-
dards. For end-group analysis the reflective mode was used.
UV-Vis spectra were recorded in THF on a V-630 spectrophotometer from Jasco.
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3.2.3 Synthesis
RAFT Polymerization of Methyl methacrylate
Methyl methacrylate was polymerized in dry DMF varying the monomer to CTA
ratio in order to achieve molecular weights between 2000 < Mn < 10000 g/mol.
The ratio of the initiator to the RAFT CTA was kept constant at 1:5. All reactions
were performed in 50 mL round bottom flasks using Schlenk technique. The
amount of used MMA for Het-PMMA b was adapted for the polymerizations of
Het-PMMA a and Het-PMMA c.
Synthesis of Het-PMMA b
To a solution of MMA (7.0 mL, 75 mmol) in dry DMF (10 mL) 4,4’-azobis(4-cyano
pentanoic acid) (0.084 g, 0.3 mmol) and 4-cyano pentanoic acid dithiobenzoate
(0.42 g, 1.5 mmol) were added. The mixture was degassed by three freeze vacuum
thaw cycles, and then heated under magnetic stirring in an oil bath at 80 ◦C for
2 h. The polymerization was stopped by cooling the reaction mixture to room
temperature. The polymer was precipitated in ice cold methanol. The product
was dried under vacuum.
Het-PMMA: δH(400 MHz, dmso-d6) = 0.81 (s, 3H, CH3), 1.01 (s, 3H, CH3), 1.18
(s, 3H, CH3), 1.51 (s, 2H, CH2), 1.82 (s, 2H, CH2), 2.41 (tr, 2H, CH2), 3.53 (s, 3H,
CH3), 7.50 (tr, 2H, CH), 7.68 (tr, 1H, CH) ppm, 7.90 (d, 2H, CH).
For the synthesis of Het-PMMA a and Het-PMMA b see Table 2.
Kinetic Studies of the RAFT Polymerization
To the reaction mixture of Het-PMMA b trioxane (57 mg, 0.64 mmol) was added
as an internal standard. At different reaction times (15, 30, 60, 90, 120 min) sam-
ples of 0.2 mL were taken. Monomer consumption was followed by 1H NMR
analysis using 0.1 mL of the sample and deuterated DMSO as solvent. The con-
version was determined by comparison of the integral intensities of the protons
of the double bond with the signal of trioxane. The remaining 0.1 mL of the taken
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PMMA Initiator:CTA CTA:MMA MMA
[ mL, mmol ]
Het-PMMA a 1:5 1:20 2.8, (30.0)
Het-PMMA b 1:5 1:50 7.0, (75.0)
Het-PMMA c 1:5 1:100 14.0, (150.0)
Table 2: Synthesis of PMMA samples by RAFT polymerization.
samples were used for SEC measurements.
Carboxylic Acid Telechelic Poly(methyl methacrylate) (Ca-Hot-PMMA)
According to the amount of RAFT CTA used for the prior synthesis of Het-PMMA
the fivefold molar excess of 4,4-azobis(4-cyano pentanoic acid) (2.1 g, 7.5 mmol)
and hetero telechelic polymer Het-PMMA (for Het-PMMA b: 5.0 g, approxima-
tely 1 mmol) were dissolved in dry DMF (10 mL) and degassed by three freeze
vacuum thaw cycles, then heated to 80 ◦C for 4 h. The solution was cooled to
room temperature and precipitated in ice cold methanol. For purification this
procedure was repeated a second time. After filtration the polymer was washed
twice with ice cold methanol and dried under vacuum.
Ca-Hot-PMMA: δH(400 MHz, dmso-d6)=0.81 (s, 3H, CH3), 1.01 (s, 3H, CH3), 1.18
(s, 3H, CH3), 1.51 (s, 4H, CH2), 1.82 (s, 2H, CH2), 2.41 (tr, 4H, CH2), 3.53 (s, 3H,
CH3).
Isocyanate Telechelic Poly(methyl methacrylate) (Is-Hot-PMMA)
Into a dry Schlenk flask with septum connected to a bubble counter pre dried
Ca-Hot-PMMA (1.0 g, approximately 0.2 mmol for Het-PMMA b) a catalytically
amount of magnesium chloride and dry DMF (1 mL) were added under nitrogen
atmosphere. Depending on the molecular weight of Ca-Hot-PMMA (determined
by SEC) an excess of hexamethylene diisocyanate (for Het-PMMA b approxi-
mately 2.8 mL, 0.016 mol) was added and heated to 80 ◦C for 4 h. The excess of
29
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diisocyanate and the solvent were removed by vacuum distillation at 80 ◦C. The
remaining polymer was dissolved in DMF and precipitated in ice cold diethyl
ether. The isocyanate telechelic polymer was dried under vacuum and stored
under nitrogen atmosphere at 5 ◦C.
Is-Hot-PMMA: δH (400 MHz, dmso-d6) = 0.81 (s, 3H, CH3), 1.01 (s, 3H, CH3), 1.18
(s, 3H, CH3), 1.21 (s, 8H, CH2), 1.33 (s, 4H CH2; 6 H CH3), 1.82 (s, 6H, CH2), 2.34
(tr, 4H, CH2), 3.06 (s, 4H, CH2), 3.47 (s, 4H, CH2), 3.53 (s, 3H, CH3), 8.19 (s, 1H,
NH).
30
3 α,ω-telechelic Poly(methyl methacrylate) 31
3.3 Results and Discussion
The aim of this chapter was to develop a route for the preparation of isocyanate
homo telechelic PMMA. The synthesis combines the RAFT polymerization of
MMA with two post polymerization modification steps. First, RAFT polymer-
ization leads to a hetero telechelic PMMA (Het-PMMA), with a carboxylic acid
group at the α-side and the dithiobenzoate group (dormant species) at the ω-side
of the chain. In the second step the dithiobenzoate is removed quantitatively
by adding an excess of azo-initiator, resulting in a homo telechelic polymer (Ca-
Hot-PMMA) with carboxylic acid groups at both ends of the chain. In the last
reaction step magnesium chloride as a catalyst and hexamethylene diisocyanate
were used for the formation of Is-Hot-PMMA (Figure 9).
+
hetero telechelic PMMA
Het-PMMA
RAFT
carboxylic acid telechelic PMMA
Ca-Hot-PMMA
MgCl2
+
isocyanate telechelic PMMA
Is-Hot-PMMA
Figure 9: Synthetic concept for the preparation of isocyanate telechelic PMMA.
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3.3.1 Kinetics of RAFT Polymerization
Hetero telechelic PMMA (Het-PMMA) was synthesized by RAFT polymerization
(Figure 10). Due to the fact, that for the second reaction step dithiobenzoate dor-
mant polymer chains are required, it is important to make sure that the reaction
is stopped before unwanted termination by disproportion or combination occur
during the RAFT process.
Figure 10: Polymerization of MMA with 4-cyanovaleric acid dithiobenzoate as CTA and
4,4’-azobis(4-cyanovaleric acid) (ACVA) as initiator: Preparation of hetero
telechelic PMMA
The objective of the first experiments described here were to explore the kinet-
ics of the RAFT polymerization of MMA with 4,4’-azobis(4-cyanovaleric acid)
(ACVA) and 4-cyano pentanoic acid dithiobenzoate. The RAFT CTA to initiator
ratio was chosen as 5:1.
The first order kinetic plot shows a linear dependence up to a conversion of 80 %.
This indicates that the concentration of the radicals stays constant up to that con-
version and no termination reactions occur. The nonlinear behavior at longer
reaction times is due to the fact that at conversion >80 % the monomer concen-
tration decreases and termination reactions predominate. The linear increase of
the molecular weight with conversion and the narrow molecular weight distri-
butions (PDI ≤ 1.3) do also demonstrate the controlled reaction, as can be seen in
Figure 11.
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Figure 11: Kinetic plots: a) first order kinetic plot, b) molecular weight vs conversion, c)
molecular weight distribution vs conversion
In this work linear poly(methyl methacrylate) with 20-100 repeating units were
prepared by RAFT polymerization (Table 3).
The SEC diagrams of the semi telechelic polymers Het-PMMA a-c (Figure 12)
have a unimodal narrow distribution proving that no early termination or un-
controlled polymerization takes place.
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Het-
PMMA
CTA/MMAMna Mnb Mwb Mw/Mnb Mnc
a 1:20 2002 1800 2400 1.3 1700
b 1:50 5006 4900 5400 1.1 4500
c 1:100 10012 9200 12000 1.3 9900
Number avarage molecular weight Mn: a calcuated; b detected by SEC in DMF; c
determined by 1H NMR.
Table 3: Molecular weight of hetero telechelic PMMA samples Het-PMMA a-c.
Figure 12: SEC of hetero telechelic Het-PMMA a, b and c.
The hetero telechelic character of the Het-PMMA was proven by 1H NMR spec-
troscopy (Figure 13). The measurements were performed in dmso-d6, where the
signals at δ=7.9 ppm (2Hi), 7.7 ppm (1Hj), 7.6 ppm (2Hh) can be seen well resolved
(Figure 13a). They belong to the aromatic system of the CTA, which is at the α-
end of the polymer chain. However, the solvent peak of deuterated DMSO lies
too close to the signal of the cyanovaleric acid (α-end-group) at δ=2.4 ppm (2Ha),
which is the reason for a second measurement in deuterated chloroform (Fig-
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ure 13b) The number of repeating units determined by end-group analysis (com-
parison of the integral of the α-end-group at δ=2.4 ppm with the methyl esters
peak at δ=3.53 ppm) was 99.
Figure 13: 1H NMR of Het-PMMA: a) aromatic signals section from 7.4 ppm < δ< 8.2 ppm
measured in deuterated DMSO and b) section from 2.7 ppm < δ< 3.6 ppm
(showing the signal of the methylester) and 2.3 ppm < δ < 2.55 ppm (showing
the signal of the cyanovaleric acid) measured in CDCl3
For end-group analysis a MALDI TOF spectrum was recorded (Figure 14 left side)
for molecular weights of 1000 Da < m/z < 11000 Da. At the right side of Figure 14
a close-up view of the area between 2500 Da and 2800 Da is shown. It was used
to identify the end-groups of Het-PMMA. The masses of the end-groups found
in the MALDI spectrogram were calculated from the mass of the mono isotopic
m/z signal. A description of how to calculate the mass of the end-group from the
35
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MALDI signal can be found in the appendix.
Figure 14: MALDI-TOF-MS spectrum and close-up view detected of Het-PMMA.
In the spectrum two main series were observed. The mass of two neighboring
peaks within one series differs in the size of the repeating unit (100.12 Da). The
first series (A) is an end-group fragmented polymer, where the dithiobenzoate
side of the RAFT CTA was removed by the laser. It was reported by Beyou et
al. [95] that during MALDI TOF analysis of polymers synthesized by controlled
radical polymerizations the ionization process does lead to a removal of the end-
groups. For RAFT the C-S bond of the CTA, which is supposed to break easily
in order to guarantee the controlled radical polymerization, is as well sensible
against the energy applied from the laser during the desorption/ionization pro-
cess. This causes the breaking of this labile bond forming a radical at the ω-side.
The radicals react further by disproportionation to result in a saturated and an
unsaturated end-group differing in mass by 2 Da. The mass of the end-group (A)
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calculated from its chemical formula is 125.14 Da. The one calculated from the
MALDI TOF spectrogram is 124.43 Da.
For the second series (B) the end-group calculated from the spectra is 146.37 Da
(calculated mass of the end-group from chemical formula: 147.04 Da). This one
can be allocated to the exchange of the acid proton with sodium (the ionizing
species). For MALDI measurements this exchange was investigated before. [84]
The deviation of the masses of the end-group calculated from the chemical for-
mula and the masses calculated from the signal is due to the wrong identification
of the mono isotopic signal. The above mentioned disproportionation of the rad-
ical is the reason for this deviation. The signals for saturated and unsaturated
end-groups lay too close together. The result is an overlap of two isotopic pat-
terns which may lead to an erroneous identification of the mono isotopic m/z
signal. All end-groups found for the hetero telechelic polymer (Het-PMMA) are
presented in Table 4.
Series End-groups Mass of Mass of
end-groups a end-groups b
[Da] [Da]
A
O O
NC
HOOC
OO OO
125.14 124.44
B 147.04 146.37
a mass calculated from chemical formular; b mass calculated from m/z signal.
Table 4: Detected end-groups of hetero telechelic PMMA.
A third series of an intact RAFT CTA end-group could not be observed. However,
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the decomposition process of the ω-end-group is due to the analyzing method,
structure (A) could not be observed in 1H NMR studies. The MALDI TOF analysis
confirms the hetero telechelic character of the polymer chains.
3.3.2 Preparation of the Carboxylic Acid Telechelic Poly(methy methacrylate)
(Ca-Hot-PMMA)
For the preparation of homo telechelic polymers, the advantage of using RAFT
polymerization is the dormant character of the ω-end of the polymer chains.
When a temperature of 80 ◦C is applied the C-S bond of the ω-end-group of Het-
PMMA will break again. [92] In the presence of an excess of radicals (for example
with an excess of an azo-initiator) the RAFT process will be ended by combination
of the radicals. By this procedure the homo telechelic polymer (Ca-Hot-PMMA)
and the recovery of the RAFT CTA (Figure 15) can be accomplished.
Figure 15: Synthetic route for preparation of homo telechelic poly(methyl methacrylate)
Ca-Hot-PMMA
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To make sure that all dithiobenzoate groups are removed the reaction time was
chosen to be 4 h, which is twice the half life time of the azo-initiator under the se-
lected conditions. After precipitation it was necessary to wash the polymer care-
fully in order to remove all by-products (RAFT CTA and recombination product
of cyano valeric acid radicals).
Figure 16: SEC elugram of a) sample taken after 2 h of reaction time of Het-PMMA to
Ca-Hot-PMMA and b) homo telechelic polymer Ca-Hot-PMMA
The SEC elugram of a sample taken from the reaction mixture during the modi-
fication shows the formation of a bimodal distribution, which could be assumed
to include the hetero telechelic PMMA and the newly formed homo telechelic
PMMA with two carboxylic acid end-groups (Figure 16a). It can be seen that af-
ter 4 h of reaction time the SEC shows a monomodal distribution (Figure 16b). It
was also detected by SEC that the molecular weight and molecular weight distri-
bution of the molecules do not change during this transformation.
The homo telechelic character assumed by SEC was proven by 1H NMR spec-
troscopy. For the same reasons described before the samples were measured
twice, once in deuterated DMSO (left side) and once in CDCl3. The disappear-
39
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Figure 17: 1H NMR of Ca-Hot-PMMA a) aromatic signals section from 7.4 ppm < δ<
8.2 ppm measured in deuterated DMSO and b) section from 2.8 ppm <
δ < 3.7 ppm (showing the signal of the methyl ester) and a section from
2.3 ppm < δ < 2.55 ppm (showing signal a of the cyanovaleric acid) measured
in CDCl3.
ance of the aromatic signals between δ=7.9 and 7.5 ppm (Figure 17a) indicate that
all thiobenzoate groups were removed. The integral area of the peak at δ=2.4 ppm
(4Ha) has enlarged to 4, representing the 4H atoms of the cyanovaleric acid end-
group at both ends of the polymer chain. This proves that the ω-side of the poly-
mer was modified successfully. The number of the repeating units calculated by
comparison of the signal of the end-group at δ=2.4 ppm with the signal of the
methylester (3Hf) remains constant with n=99 for Ca-Hot-PMMA c. The success-
ful conversion of the ω-end-group did not depend on the molecular weight of
Het-PMMA a-c.
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The Raman spectra of both, the hetero telechelic and the homo telechelic PMMA
(Figure 18) prove the successful end-group modification, too. The grey line shows
the absorption of the phenyl groups of the hetero telechelic PMMA (Het-PMMA),
which appears at a wave number of ≈ 1591 cm-1. This band disappears in the
spectra of the homo telechelic Ca-Hot-PMMA.
15601580160016201640
wave number [cm-1]
Figure 18: Raman spectra showing a section of the absorption of the phenyl group of
Het-PMMA (grey line) and its disappearance in the spectra of Ca-Hot-PMMA
(light grey dotted line).
In addition to Raman a UV-Vis spectroscopy was also used for the quantification
of the modification reaction at the ω-side of the polymer chain. (Figure 19) (solid
line) shows the absorbance of the Ph-C=S group of Het-PMMA in the visible
sequence. Its dithioester moiety has two absorption bands: a strong one at 330 nm
and a rather weak band at 509 nm. In the same figure, the dotted line stands for
the UV spectrum of the Ca-Hot-PMMA. The radical exchange at the ω-side of the
PMMA is proven by the absence of the absorption bands of the dithioester. It
indicates as well that the modification reaction was complete and a well-defined
homo telechelic polymer was formed.
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Figure 19: UV-Vis Spectra of Het-PMMA (solid line) and Ca-Hot-PMMA (dotted line).
For end-group analysis MALDI TOF was performed on the homo telechelic poly-
mer. On the left side of (Figure 20) the complete spectrum can be seen, which
was recorded for molar masses of 1500 Da < mz < 11000 Da. In the close-up view
at the right side four different major series can be observed. The mass of two
neighboring peaks within one series differs in the mass of the repeating unit.
The first series can be assigned to the decomposition of the newly formed car-
boxylic acid ω-end-group (series (C) ,Table 5). The breakage of the radical initia-
tor end-group by applied energy has been reported previously.[84] At the α-side
of the polymer the initiator forms a stable head-to-tail bond. At the ω-side end
capping occurs via a head-to-head linkage, whose bond energy is lower than that
of head-to-tail linkages.
The weaker bond breaks during the ionizing process (Figure 21). The mass of the
end-group calculated from the spectrum is 125.55 Da. The structure of polymer
(C) could not be found in the 1H NMR spectrum indicating, that it has its origin
in the ionizing process during MALDI TOF analysis.
The second series (D) (determined mass of end-group 254.30 Da) belongs to the
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Figure 20: MALDI-TOF-MS spectrogram and section of the Ca-Hot-PMMA.
α,ω-carboxylic acid-telechelic polymer Ca-Hot-PMMA. Series (E) and (F) result
in the exchange of one (E) or both (F) hydrogen atoms of the carboxylic acid
end-groups with sodium (the ionizing species). For (E) and (F) the aberrance
of the masses of the end-groups calculated from the chemical formula and from
the spectrum is due to the fact, that the mono isotopic signal could not be iden-
tified properly, instead the highest peak of the signal was selected. Based on the
end-group analysis of telechelic Ca-Hot-PMMA, it is concluded that carboxylic
acid ω-end-groups are formed quantitatively.
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Series End-groups Mass of Mass of
end-groups a end-groups b
[Da] [Da]
C 125.14 125.55
D 254.28 254.30
E 276.18 268.92
F 298.08 194.15
a mass calcuated from chemical formula; b mass calculated from m/z signal.
Table 5: Detected end-groups of polymer Ca-Hot-PMMA.
head-to-tail linkage at the α-side
head-to-head linkage at the ω-side
Figure 21: Head-to tail and head-to-head connected initiator end-groups.
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3.3.3 Preparation of Isocyanate Telechelic PMMA (Is-Hot-PMMA)
In order to form highly reactive building blocks the last step was to form iso-
cyanate telechelic PMMA. Therefore the use of magnesium chloride as a catalyst
was used (Figure 22). The reaction could be performed with an excess of diiso-
cyanate under mild reaction conditions at a temperature of 80 ◦C and a short re-
action time of 4 h.
Figure 22: Synthesis of isocyanate telechelic Is-Hot-PMMA.
Figure 23: SEC elugram of isocyanate telechelic polymer Is-Hot-PMMA.
The SEC diagram shows a bimodal distribution, which was assigned to polymers
Ca-Hot-PMMA and Is-Hot-PMMA (Figure 23) confirming that not all carboxylic
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acid telechelic polymers were converted. The conversion of the reaction could
not be enhanced by applying higher temperature or longer reaction times.
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Figure 24: 1H NMR section from 5.2 ppm < δ< 8.8 ppm measured in deuterated DMSO of
Is-Hot-PMMA before (a) and after precipitation (b).
The reaction of the carboxylic acid with the diisocyanate could be proven by 1H
NMR spectroscopy (Figure 24). The signal of the cyanovaleric acid end-group
of Ca-Hot-PMMA at δ= 2.45 ppm (4H, CH2a) has shifted to δ=2.56 ppm due to
the conversion of the carboxylic acid to amide functional groups. Comparing
the signals of the cyanovaleric acid end-group of Ca-Hot-PMMA at δ=2.56 ppm
(4H, CH2 a) with the signal of the hexamethylene diisocyanate end-group of Is-
Hot-PMMA (4H, CH2b) at δ=3.06 ppm a conversion of 86 % was calculated for
Is-Hot-PMMA b and c.
In the 1H NMR spectrum of the raw product a urea signal was detected (Fig-
ure 24a). Regarding to Gürtler et al. [93] (Figure 25), as a side product of the cat-
alyzed reaction of carboxylic acids and isocyanates the corresponding carboxylic
acid anhydride and water is formed. The water does react further with the diiso-
cyante forming first amine and in a consecutive reaction urea groups. However
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when the raw product is purified by precipitation in diethyl ether, the urea signal
disappears (Figure 24 b).
Figure 25: Possible side reaction forming a carboxylic acid anhydride, water and a urea.
SEC does not indicate the formation of carboxylic acid anhydrides - no duplica-
tion of the molecular weight is observed. The urea signal does have its origin
in traces of water in the reaction medium. In order minimize the possibility of
chain coupling a large excess of diisocyanate was used and later removed in a
purification step.
3.4 Conclusion
In this work the successful synthesis α,ω-isocyanate-telechelic poly(methyl meth
acrylate) is presented. Terminally functionalized PMMA with highly reactive iso-
cyanate groups at both ends of the chain may have extensive potential as syn-
thetic building blocks. The RAFT polymerization follows a first order kinetic re-
action. Polymers with molar masses of 2000-10000 g/mol were prepared. Modifi-
cation of the polymer with an excess of radical initiator in order to form carboxylic
acid telechelic poly(methyl metacryalte) chains is strait forward. The pursued
well defined telechelic character of Ca-Hot-PMMA could be proven by 1H NMR,
SEC, UV-Vis, Raman and by MALDI TOF-Ms spectroscopy. Isocyanate telechelic
polymers were finally formed with magnesium chloride as a catalyst by reaction
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of the carboxylic acid end-groups with an excess of diisocyanate. The yield of the
last reaction, the formation of isocyanate telechelic PMMA, was 86 %.
48
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4 Synthesis of Polyurethanes
In this chapter it will be demonstrated that the isocyanate homo telechelics syn-
thesized in the previous chapter can be used as soft segment building blocks
for polyurethane synthesis. Is-Hot-PMMA was used as a soft segment while
three different diisocyanates (hexamethylene diisocyanate (HDI), 1,4 butane di-
isocyanate (BDI) and 4,4-diisocyanato dicyclohexylmethane (H12MDI)) and bu-
tane diol as a chain extender were used as hard segment. Polyurethanes are
formed through a catalyzed reaction of the hard- and soft segment at 50 ◦C. The
resulting insoluble material is characterized by FT-IR measurements.
4.1 Introduction
In general polyurethanes are a class of materials made by reacting a polydiol with
a diisocyanate followed by a chain extending step using a diol (commonly 1,4 bu-
tane diol) or diamine. They consist of a two phase system: the crystalline hard
segment and the amorphous soft segment. The variations of polyurethanes are
numerous; materials with different chemical, physical and processing character-
istics can be synthesized.
Since 1958, when Pangman [96] introduced a breast prosthesis with a polyester-
polyurethane foam on its outside, polyurethanes have been widely used as elastic
biomaterials for medical applications. [97] Because of their mechanical proper-
ties and good blood biocompatibility veins, nerve guides and artificial skin were,
amongst others, made of them. [98][99][100] Today most of the medical grade
polyurethanes (like Estane R©or Biomer R©) consist of a hard segment synthesized
from the aromatic diphenylmethane diisocyanate (MDI). Those materials have
a good ability to form crystalline, and therefore hydrolytically stable domains,
however, they lack of biocompatibility. Upon sterilization, processing and degra-
dation cancerogenic methylenedianaline is formed and released. [101] Hard seg-
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ments based on aliphatic diisocyanates are an alternative to avoid the release of
toxic aromatic amines from the biomaterial.
There are two major ways for polyurethane synthesis. The first way to achieve
polyurethanes is to mix all three components (macrodiol, chain extender and di-
isocyanate) in a molar ratio of 1:1:2. The one pot synthesis does not allow a
good control over the chemical structure of the resulting material, since the di-
isocyanate can react either with the macrodiol or chain extender. By one pot reac-
tions heterogeneous materials are formed. For a more uniform chemical structure
a two steps reaction procedure should be applied. The first step involves the end
capping of the macrodiol with a diisocyanate. In the second step the prepoly-
mers are subsequently chain extended with a low molecular weight diol. This
two steps procedure prevents the formation of compositionally heterogeneous
polyurethanes and was therefore applied.
In this chapter the synthesis of polyurethanes with hard segments based on three
different aliphatic diisocyanates were investigated. The first one is 1,4-butane di-
isocyanate, that was first mentioned for usage as a hard segment by Otto Bayer in
1947. [102] For biomaterials hard segments based on 1,4- butane diisocyanate
(BDI) can be a good alternative since their degradation product is putrescine,
a non-toxic diamine which is essential for cell growth and cell differentiation.
[103][104][105] Furthermore, hard segments made of 1,6-hexamethylene diiso-
cyanate and 4,4-diisocyanato dicyclohexylmethane were investigated. They are
two common chemicals with a long tradition in polyurethane synthesis and which
also form non-toxic degradation products.
The presented work is a prove of concept. The usability of the isocyanate homo
telechelic poly(methyl methacrylate) prepolymers as soft segments for polyure-
thane formation is tested. Three different polyurethanes were synthesized using
isocyanate homo telechelic Is-Hot-PMMA as the soft segment building block.
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Hard segment building blocks were prepared by the reaction of the desired di-
isocyanate and an excess of 1,4 butane diol as chain extender. In a last reaction
step both building blocks are coupled via a urethane bond forming the desired
polyurethane with a poly(methyl methacrylate) soft segment.
4.2 Experimental Part
4.2.1 Materials
Hexamethylene diisocyanate 4, 1,4 butane diol 4 , tin (II) octoate 4, 1,4 butane
diisocyanate 4 and 4,4-diisocyanatodicycolhexylmethane 4 were used as received.
4.2.2 Methodes
1H NMR spectra were recorded on a Bruker AC400 FT NMR spectrometer at 300
MHz with deuterated DMSO and CDCl3 as solvents. Tetramethylsilane (TMS)
served as the internal standard.
IR measurements were recorded on a Nexus 470 (Thermo Nicolet) (spectral res-
olution 8 cm-1). Polyurethanes were dried under vacuum and pressed in KBr-
pellets.
4.2.3 Synthesis
Synthesis of BDO.HDI.BDO Hard Segments
Hexamethylene diisocyanate (6.17 g, 0.04 mol) was dissolved in an excess of 1,4
butane diol (15.6 mL, 0.17 mol). A catalytic amount of tin (II) octoate was added.
The reaction mixture was heated for 12 h at 80 ◦C, coled to room temperature and
treated with acetone (100 mL). The resulting white powder was filtrated, washed
four times with acetone (100 mL) to remove the remaining 1,4-butanediol. The
resulting hard segment was dried under vacuum. (Yield: 8.3 g, 60 %).
4all from Sigma Aldrich
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δH (300 MHz, dmso-d6) = 1.2-1.5 (m, 16H, CH2), 2.9 (m, 4H, CH2), 3.3 (m, 4H,
CH2), 4.4 (s, 2H, OH), 7.0 (s, 2H, NH) ppm.
Synthesis of BDO.BDI.BDO Hard Segments
The preparation of the BDO.BDI.BDO block was performed according to the syn-
thesis of BDO.HDI.BDO:
1,4 butane diisocyante (5.6 mL, 0.04 mol) were dissolved in an excess of 1,4 butane
diol (15.6 mL, 0.17 mol). Yield: 8.0 g
δH (300 MHz, dmso-d6) = 1.3-1.5 (m, 12H, CH2), 2.9 (m, 4H, CH2), 3.3 (m, 4H,
CH2), 3.9 (s, 4H, CH2), 4.4 (m, 2H, OH), 7.0 (s, 2H, NH) ppm.
Synthesis of BDO.H12MDI.BDO Hard Segments
Synthesis of BDO.H12MDI.BDO hard segments followed a similar synthetic route
as discribed for BDO.HDI.BDO:
4,4-Diisocyanatodicyclohexylmethane (10.48 g, 0.04 mol) was dissolved in an ex-
cess of 1,4 butane diol (15.6 mL, 0.17 mol). Instead of acetone water was used as
a solvent and for the purification of the product.
δH (300 MHz, dmso-d6) = 1.1-1.6 (m, 24H, CH2), 3.1 (m, 2H, CH), 3.4 (m, 2H, CH),
3.9 (s, 4H, CH2), 4.4 (m, 2H, OH), 6.9 (s, 2H, NH) ppm.
Synthesis of 1,4-Butane Diol End Capped Hard Segment
Is-Hot-PMMA (0.5 g, Mn= 8000 g/mol) were dissolved in dry DMF (3 mL) under
nitrogen atmosphere . An excess of 1,4-butane diol (2 g, 17 mmol) was added
and the reaction mixture was stirred at 50 ◦C for 24 h. The resulting diol homo
telechelic polymer was precipitated in ice cold methanol and dried under vac-
uum.
δH (300 MHz, dmso-d6) = 0.5-1.8 (m, CH2 Backbone), 3.3 (m, 4H, CH2), 3.5 (m, 3H,
CH3), 3.9 (m, 4H, CH2), 5.4 (m, 2H, NH), 7.0 (s, 2H, NH) ppm.
Synthesis of Polyurethane with (BDO.HDI.BDO) Hard Segment
The diisocyanate terminated prepolymer (Is-Hot-PMMA) (1 g, Mn=5000 g/mol)
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under nitrogen atmosphere was dissolved in absolute DMF (4 mL), a catalytic
amount of tin (II) octoate and one equivalent amount of BDO.HDI. BDO (0.069 g,
0.2 mmol) was added. The reaction was heated to 50 ◦C in an oil bath. After 12 h
the reaction was stopped by precipitation of the product in water.
Synthesis of Polyurethane with (BDO.BDI.BDO) Hard Segment
The synthetic route for the preparation of poly(methyl methacrylate)-block-(BDO.
BDI.BDO) was the same as for the synthesis of Poly(methyl methacrylate)-block-
BDO.HDI.BDO. To the diisocyanate terminated prepolymer (Is-Hot-PMMA) (1 g,
Mn=5000 g/mol) under nitrogen atmosphere the equivalent amount of BDO.BDI.
BDO (0.064 g, 0.2 mmol) was added.
Synthesis of Polyurethane with (BDO.H12MDI. BDO) Hard Segment
Poly(methyl methacrylate)-block-(BDO.BDI.BDO) was synthesized according the
synthesis of Poly(methyl methacrylate)-block-BDO.HDI.BDO. To the diisocyanate
terminated prepolymer (Is-Hot-PMMA) (1 g, MnSEC=5000 g/mol) under nitrogen
atmosphere the equivalent amount of BDO.H12MDI.BDO (0.08 g, 0.2 mmol) was
added.
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4.3 Results and Discussion
The aim of the presented work was to use Is-Hot-PMMA (which was prepared
in the previous chapter) as a model soft segment building block for polyurethane
synthesis (Figure 26).
O N
H
O
+
Soft SegmentHard Segment
:
:
:
or or
Hexamethylene diisocyanate Butane diisocyanate Butane diisocyanate
Butane diol
Is-Hot-PMMA
Figure 26: Synthetic strategy for the preparation of linear polyurethanes.
The synthetic strategy in order to form a homogeneous linear polymer was a
two steps reaction. First hard segment building blocks were prepared. There-
fore three different aliphatic isocyanates (HDI: hexamethylene diisocyanate, BDI:
butane diisocyanate and H12MDI: 4,4 - diisocyanatodicyclohexylmethane) were
chosen and end capped with butane diol as a chain extender. In a second re-
action step the prepared diol end functionalized hard segment blocks and the
isocyanate homo telechelic poly(methyl methacrylate) (Is-Hot-PMMA) soft seg-
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ment building blocks of the previous chapter were reacted. Tin (II) octoate was
used to catalyze the polyurethane synthesis at 50 ◦C.
4.3.1 Synthesis of the Hard Segments
For the preparation of a biomaterial it is important that the material does not re-
lease any toxic degradation products when it was implanted in the human body.
Therefore three different aliphatic diisocyanates were chosen. In all three cases
degradation of the hard segment block would result in the formation of a non-
toxic diamine. In this chapter the size of the hard segment blocks was chosen to
consist of three diisocyanate unites (two come from the end capped soft segment
and one is incorporated in the hard segment building block).
BDO.HDI.BDO
BDO.BDI.BDO
BDO.H12MDI.BDO
Figure 27: Preparation of hard segment building blocks.
The desired hard segments were synthesized by end capping the aliphatic diiso-
cyanates with a six fold excess of 1,4-butane diol (Figure 27). The large excess
of diol was necessary to prevent the formation of longer hard segments, consist-
ing of more than one diisocyanate. Tin (II) octoate was used as a catalyst for the
alcohol-isocyanate reaction. For the preparation of the BDO.H12MDI.BDO block
the reaction procedure was modified. The white product did not precipitate in
acetone; however, with the use of water a clean product was obtained. After
washing the hard segment with acetone (for BDO.HDI.BDO and BDO.BDI.BDO)
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and water (for BDO.H12MDI.BDO) all three building blocks were obtained.
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Figure 28: 1H NMR of hard segments
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Characterization was performed by 1H NMR measurements. The 1H NMR of
BDO.HDI.BDO (Figure 28a), BDO.BDI.BDO (Figure 28b) and BDO.H12MDI.BDO
(Figure 28c) prove the successful synthesis of the building blocks. Character-
istically for the reaction of an alcohol with an isocyanate is the newly formed
urethane bond. In the proton NMR of all three building blocks the signal at
δ=7.03 ppm displays the NH of the newly formed urethane bond. The OH- end
groups of the building blocks give a signal at δ=4.42 ppm. By comparison of the
integral areas of the signals the bifunctionality of the building blocks was proven.
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4.3.2 Polyurethane Synthesis
In the second step the homo telechelic PMMA prepolymers (Is-Hot-PMMA) were
reacted with three different diol end functionalized hard segments (BDO.HDI.BDO,
BDO.BDI.BDO and BDO.H12MDI.BDO) in order to prepare polyurethanes (Fig-
ure 29).
+
+
+
a
b
c
Figure 29: Synthesis of polyurethane with an Is-Hot-PMMA soft segment and a)
BDO.HDI.BDO, b)BDO.BDI.BDO or c) BDO.H12MDI.BDO hard segment.
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The reaction time for the coupling of the hard and the soft segment was 12 h
at 50 ◦C. Tin (II) octoate is a common, non-toxic, catalyst for the preparation of
polyurethanes and was added to support the reaction. The synthesis of the three
different polyurethanes resulted in three insoluble materials. It is assumed that
this insolubility is due to the strong polarity differences of the building blocks.
In order to exclude that the insolubility of the material not due to side reactions
of the methacrylate or butanediol an experiment was performed in which Is-Hot-
PMMA soft segments were end capped with an excess of 1,4 butane diol. If the
insolubility of the polyurethane was due to the polarity differences of the building
blocks the resulting alcohol homo telechelic polymer chain should still be soluble.
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Figure 30: 1H NMR of butane diol end capped PMMA.
The 1H NMR of the diol homo telechelic material (Figure 30) shows the forma-
tion of a urethane bond at δ=7.0 ppm. Furthermore the signal at δ= 3.9 ppm and
3.3 ppm display the methylene groups neighboring the newly formed urethane
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group outlining the successful modification of the isocyanate terminus. The re-
sulting polymer is still soluble in organic solvents assuming that the insolubility
of the polyurethanes have their origin in the previously described polarity differ-
ences of the micro domains.
The insolubility in common solvents limits the methods available for structural
analysis of the material. Since this chapter is meant to be a prove of concept the
focus was on the analysis of the polyurethane formation.
Figure 31a shows a FT IR spectrum of the polyurethane obtained with a BDO.HDI.
BDO hard segment building block. The absorption band at 3321.87 cm-1 displays
the hydrogen bridges formed in between two hard segment micro domains. The
bands at 1536.96 cm-1 and 1476.49 cm-1 are the amide I and amide II vibrations of
the urethane groups. All three signals prove the formation of the polyurethane.
Further signals at 2938.21 and 1263.06 cm-1 belong to the CH2 backbone of the soft
segment.
Figure 31b shows the spectrum of the polyurethane obtained with a BDO.BDI.
BDO building block. Here as well the band at 3318.32 cm-1 displays the hydrogen
bridges formed in between two hard segments. The absorption band at 1536.53
cm-1 and 11478.34 cm-1 are the amide I and amide II vibrations of the urethane
groups.
The last spectrum of the PMMA-block-BDO.H12MDI.BDO polyurethane is dis-
played in Figure 31c. The absorption band at 3319.98 cm-1 is very characteristic
for poly-urethanes outlining the hydrogen bridges formed between two hard seg-
ment blocks. As well in the spectrum the band at 1539.07 cm-1 and 1448.59 cm-1
are the amide I and amide II vibrations of the urethane groups.
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5001000150020002500300035004000
wave number [cm-1]
3
3
1
9
.9
8
2
9
3
0
.3
5
2
8
5
6
.0
7
1
6
9
0
.3
2
1
5
3
9
.0
7
1
4
4
8
.5
9
1
3
2
2
.1
0
1
2
5
0
.9
2
1
0
4
7
.2
2
(c) Polyurethane with BDO.H12MDI.BDO hard segment
Figure 31: FT-IR spectra recorded from polyurethanes with three different hard segment
building blocks.
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Even though the structure of the polymers could (due to their insolubility) not be
confirmed by NMR analysis, the end group modification of Is-Hot-PMMA with
butane diol, as well as the FT-IR measurements of the polyurethanes prove that it
is possible to use Is-Hot-PMMA as a building block for polyurethane synthesis.
4.4 Conclusion
In this chapter the synthesis of hard segment building blocks containing three dif-
ferent diisocyanates (HDI, BDI and H12MDI) were synthesized and afterwards
used for polyurethane synthesis. Is-Hot-PMMA soft segments were chain ex-
tended with butane diol resulting in a linear hydroxyl telechelic polymer. The
coupling of hard and soft segments was catalyzed by tin (II) octoate. The result-
ing polymers are insoluble. The polyurethanes were formed and characterized
by FT-IR spectroscopy.
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5 Synthesis of
α,ω-Isocyanate-telechelic
Polymethacrylate Soft Segments
with Activated Ester side
Functionalities
In this chapter the synthesis of α,ω-isocyanate-telechelic poly(methyl methacrylate-
co-acryloxy succinimide) and α,ω- isocyanate-telechelic poly(methyl methacrylate-
co-acrylamidohexanoic succinimide) copolymers is presented. The synthetic route
includes RAFT co-polymerization and two post polymerization modification steps.
The RAFT polymerizations with 4-cyano pentanoic acid dithiobenzoate as a chain
transfer agent (CTA) with a molar ratio of the co-monomers of (MMA to activated
ester) 9:1 result in copolymers with a molar mass of Mn= 5000-8000 g/mol and an
activated ester proportion within the polymer chains of 8 % N-acryloxy succin-
imide (NAS) and 5 % 6-acrylamidohexanoic succinimide (AAHS). The reactivity
ratios of the monomer pairs were determined.
In a first post polymerization reaction carboxylic acid homo telechelic polymers
were prepared by reacting the ω-dithiobenzoate-end-group with an excess of azo-
bis(cyano valeric acid). In a second modification step the α- and ω-carboxylic
acid-end-groups were reacted with hexamethylene diisocyanate and 100 % of
isocyanate telechelic copolymers were obtained. The hetero and homo telechelic
character of the copolymers was confirmed by size exclusion chromatography
(SEC), nuclear magnetic resonance (NMR) and Raman spectroscopy. Finally seg-
5 α,ω-telechelic Copolymers with Activated Ester Side Functionalities 65
mented polyurethanes were prepared by coupling hexamethylene diisocyanate
(HDI) end capped soft segments with hard segments composed of 1,4-butanediol
and HDI.
5.1 Introduction
Polyester and polyether based thermoplastic polyurethanes often consist of a
hard segment - based on a diisocyanate and a chain extender - and a soft segment
based on hydroxyl telechelic polymer chains. Elasticity, mechanical properties,
biocompatibility and degradability of these polyurethanes can be tuned for spe-
cific biomedical applications. Biodegradation of the thermoplastic polyurethanes
can be retarded by the substitution of the polyester and polyether segments with
a soft block consisting of carbon atoms only and which should show no biodegra-
dation. [106] Such a soft block should be based on polymethacrylates since poly
(methyl methacrylate) is appreciated for biomedical applications. [107]
Besides their applications as soft segments telechelic polymers with two reac-
tive end-groups are used as cross-linkers and chain extenders for various macro-
molecular structures. Homo telechelic polymers are basic materials for polymer
networks, block copolymers, macromonomers, as graft polymers, or for chain
extensions. [108][109] There are several ways to achieve homo telechelic poly-
mers: In step growth polymerization reactions the end-groups are part of the
monomer and α,ω-telechelic polymers can be prepared by using an excess of one
of the monomers. In the case of free radical and controlled radical polymeriza-
tion methods the end-group functionality can be obtained by use of an appro-
priate initiator or by selected termination reaction. [110] Furthermore they can as
well be achieved by post polymerization end-group modifications of the polymer
chains prepared by controlled radical polymerization. The development of con-
trolled/living polymerization methods offers new possibilities towards the syn-
thesis of telechelic polymers. In their review Yagci et al. give a broad overview
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about the different controlled radical polymerization methods (atom transfer rad-
ical polymerization, nitroxide mediated radical polymerization and reversible ad-
dition fragmentation chain transfer polymerization (RAFT)) and post polymer-
ization modifications that were used in order to obtain telechelic materials. [111]
In the case of RAFT polymerization, the α-end-group functionality, as well as the
ω-end-group functionality of the chain comes from the initiating system. Poly-
mers synthesized by RAFT result in hetero telechelic chains with the radical ini-
tiator (R) of the chain transfer agent (CTA) at the α-side and the dithiobezoate
controlling unite (Z) at the ω-side (Figure 32).
R Z
CTA: polymer:
α-end-group ω-end-group
Figure 32: Chemical structure of the CTA and resulting end-groups of a RAFT polymer.
The α-end-groups of the RAFT polymer chains are obtained by incorporation of
functional groups into both, the R group of the CTA and the initiator. A wide
range of hetero telechelic polymers, with simple α-end-groups like carboxylic
acids up to more complex peptide termini, were prepared this way. [112] [113]
[114] [115] [116] When the RAFT process is controlled and no termination reac-
tions occurred the thiocarbonate dormant species at the ω-side of the chain intro-
duces a second functionality since it can be thought as a masked thiol or alkane
on which post polymerization modifications can be performed. However, these
reactions do not remove the labile C-S bond of the dormant species from the poly-
mer chain. This group is meant to break easily and might be a problem for the
stability of the ω- terminus of the telechelic material. As a consequence Moad et
al. discussed several ways, which result in defined ω-end-groups including the
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removal of the dormant species. [117][118]
The ω-end-groups were successfully functionalized by reductive, thermolytic or
aminolytic modification reactions of the dithiobenzoate group. [119][120][121]
Reviews concentrating on the different ω-end-group modifications of RAFT poly-
mers were reported by O Reilly et al. [122] and Harvison et al. [123]
Another synthetic route towards homo telechelic RAFT polymers was introduced
by Perrier et al. [124] who as well used the living character of the RAFT synthe-
sized polymer chains to achieve homo telechelic polymers. With the right combi-
nation of CTA and azo-initiator α,ω-telechelic polymers with nitrile or carboxylic
acid end-groups were obtained. Recently we reported on the post polymeriza-
tion modification of carboxylic acid homo telechelic PMMA in order to prepare
an isocyanate homo telechelic poly(methyl methacrylate). [125]
The preparation of well-defined end-group functionalities is one aim towards
the development of functional biomaterials; another one is a controlled behav-
ior of the material in its environment. To achieve this goal, specific molecules
can be immobilized onto polymer chains. Bioactive molecules can be chemically
or physically bound to functional side groups of the polymer. Such modifica-
tion reactions are for example used to immobilize antibodies, immunoglobulins
or other peptides (such as RGD) on the biomaterials surface. [126][127][128] The
side chain functionality needed for immobilization of peptides can be achieved
by (co-) polymerization of specific monomers. Their structure consists of a func-
tional group that does not interfere with or react in the polymerization process
and can be used for immobilization of active molecules after polymerization. A
good overview of such reactive side groups and polymerization techniques can
be found in reference [129].
Common functional groups for peptide immobilizations via the N-terminus are
active esters, such as monomers with pentafluorophenyl or succinimide based
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side groups (for example N-acryloxysuccinimide (NAS)). The post polymeriza-
tion modification of pendant activated carbonyl functionalities is a well known
concept. Nucelophilic substitution on polymers bearing activated esters was first
reported in 1972 by the research groups of Ringsdorf et al. [130] and Ferruti et
al.[131] Activated esters react (often quantitatively) with amines in order to form
amides. So far activated esters have been successfully (co)polymerized by free
radical [132][133] and controlled radical polymerization (CRP) methods. The sur-
face initiated RAFT polymerization of NAS with a pH-sensing monomer was,
for example, reported by Liu et al. [134] In his review Theato gives a broad
overview on the CRP synthesis of pendant activated ester polymers. [135] So
far activated ester monomers were co-polymerized with butyl methacrylate or
N-acryloylmorpholine. [119][120][121]
The motivation for the present chapter was to build homo telechelic soft segments
with only carbon atoms in the backbone which can be used for the synthesis of
polyurethane biomaterials. Activated ester pendant side chains are incorporated
on which bioactive molecules can be immobilized in futures work. Therefore
the co-polymerization of two activated ester monomers N-acryloxysuccinimide
(NAS) or 6-acrylamidohexanoic succinimide (AAHS) with methyl methacrylate
(MMA) as a co-monomer was investigated. By RAFT polymerization the hetero
telechelic polymers Het-PMMA/NAS and Het-PMMA/AAHS were prepared.
The polymerization kinetics as well as the reactivity ratios of the monomers were
investigated. Post polymerization modifications of the hetero telechelic RAFT
polymers resulting in carboxylic acid homo telechelic polymers Ca-Hot-PMMA/
NAS and Ca-Hot-PMMA/AAHS were performed. In the last step end-group
modifications with diisocyanates resulted in homo telechelic copolymers (Is-Hot-
PMMA/ NAS and Is-Hot-PMMA/AAHS) with activated ester side chains and re-
active isocyanate end-groups. In a second part PUR with pendant activated ester
functional groups were synthesized by coupling the isocyanate termini of the soft
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segments with diol homo telechelic hard segments.
5.2 Experimental Part
5.2.1 Materials
Synthesis of 4-cyano pentanoic acid dithiobenzoate was performed according to
the literature.[136] Methyl methacrylate 2 was destabilized by vacuum distilla-
tion and stored under nitrogen atmosphere at 5 ◦C. 4,4’-Azobis(4-cyano pentanoic
acid) 2 was recrystallized from methanol prior use and stored at 5 ◦C. Magnesium
chloride 2 was dried by lyophilisation and stored under nitrogen atmosphere. All
other chemicals 2 were used as received. 1-Ethy-3-(3-dimethylaminopropyl) car-
bodiimide hydrochloride (EDCl) was purchased from IRIS biotech.
5.2.2 Methods
1H NMR and 13C spectra were recorded on a BrukerAC400 FT NMR spectrometer
at 400 MHz (100 MHz for 13 C) using dmso-d6 and CDCl3 as solvents. Tetram-
ethylsilane (TMS) served as the internal standard.
Molecular weights (Mn and Mw) were determined by size exclusion chromatog-
raphy (SEC) with DMF as solvent (containing LiBr (1 mg/mL), and a flow rate
of 1.0 mL\min). A high pressure liquid chromatography pump (Bischoff HPLC
Compact pump) with a RI detector (Jasco RI-2031 plus) was used. Calibration
was achieved using poly(methyl methacrylate) (PMMA) standards. Results were
evaluated using the WinGPC Unity software.
Raman spectroscopy was performed on a Bruker FT-Raman Spectrometer RFS
100/S with a Nd:YAG laser (200 mV). Each spectrum was recorded with 500
scans.
Thermogravimetric analyses (TGA) were performed on the thermo micro weight
2all from Sigma Aldrich
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TG-209C from Netzsch. All samples were measured in a temperature range of
25-600 ◦C under nitrogen atmosphere. The heating rate was 10 ◦C/min.
IR measurements were made by FT IR spectrometer: Nexus 470 (Thermo Nicolet)
(spectral resolution 8 cm-1). Polyurethanes were dried under vacuum and pressed
in KBr-pellets.
5.2.3 Synthesis
N-Acryloxysuccinimide (NAS)
NAS was synthesized according to a literature procedure. [121]
δH (400 MHz, dmso-d6) = 2.7 (s, 4H, CH2), 6.1 (d, 1H, CH), 6.2 (q, 1H, CH), 6.6 (d,
1H, CH) ppm
δC (100 MHz, dmso-d6) = 171.56 (1C, C=O), 169.0 (1C, C=O), 134.13 (1C, CH2),
127.53 (1C, CH), 25.65 (2C, CH2) ppm.
6-Acrylamidohexanoic succinimide (AAHS)
AAHS was synthesized in a two-step reaction similar to the literature procedure
of Pless et al. [137]
Step 1: To an ice cold mixture of 6-aminohexanoic acid (10 g, 0.076 mol) and
calcium hydroxide (10 g, 0.135 mol) in water (150 mL) acryloyl chloride (7 mL,
0.086 mol) was added over a period of 14 min. The reaction mixture was stirred
for 10 min before the inorganic particles were removed by filtration. The remain-
ing solution was kept at 0 ◦C while the pH was adjusted by drop-wise addition
of concentrated hydrochloric acid to 2.6. The precipitating white crystals were
filtrated, washed with ice cold water, and dried by lyophilisation.
δH (400 MHz, dmso-d6) = 1.1-1.7 (m, 6H, CH2), 2.1 (tr, 2 H, CH2), 3.0 (q, 2H, CH2),
5.5 (d, 1H, CH), 6.0 (d, 2H, CH), 6.2 (d, 1H, CH2), 8.4 (m, 1H, NH) ppm.
Step 2: 6-acrylamidohexanoic acid (13 g, 0.076 mol) and N-hydroxysuccimimde
(8.7 g, 0.076 mol) were dissolved in dichloromethane (100 mL)and cooled with an
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ice bath to 0 ◦C. Then 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochlo-
ride (EDCl) (17.4 g, 0.091 mol) was added and the reaction mixture was stirred at
0 ◦C for 2 h. Glacial acetic acid (0.2 mL) was added to hydrolyze the remaining
EDCl. After additional 30 min the solution was washed twice with a cold satu-
rated sodium bicarbonate solution and four times with water. The organic phase
was dried with MgSO4 and the solvent removed under vacuum. Crystallization
occurred over night at 4 ◦C in ethanol. The overall yield of both steps is 28 %.
δH (400 MHz, dmso-d6) = 1.4-1.7 (m, 6H, CH2), 2.7 (tr, 2H, CH2), 2.8 (s, 4 H, CH2),
3.1 (q, 2 H, CH2), 5.6 (d, 1H, CH), 6.1 (d, 1H, CH), 6.2 (q, 1H, CH), 8.1 (m, 1H,
NH) ppm.
δC (100 MHz, dmso-d6) = 169.0 (1C, C=O), 167.93 (1C, C=O), 166.83 (1C, C=O),
131.12 (1C, CH), 126.80 (1C, CH), 39.88- 24.4 (5C, CH2), 25.6 (4C, CH2) ppm.
4-Cyanopentanoic acid dithiobenzoate (CTA)
Synthesis of 4-cyanopentanoic acid dithiobenzoate was performed according to
the literature. [136]
Rf value: 0.17 (hexane/ethyl actetate 3/2)
δH (400 MHz, dmso-d6) = 1.9 (s, 3H, CH3), 2.4 (m, 2H, CH2), 2.5 (m, 4 H, CH2),
7.6 (tr, 2H, CH), 7.9 (tr, 3H, CH), 12.4 (s, 1H, OH) ppm.
δC (100 MHz, CDCl3) = 224.31 (1C, C=S), 177.31 (1C, C=O), 144.49 (1C, C(S)
(CH3)(CN)), 126.69-133.10 (5C, CH ar.), 118.38 (1C, CN), 33.00 (1C, CH2) 29.55
(1C, CH2), 24.18 (1C, CH2) ppm
RAFT Co-polymerization of MMA and NAS (Synthesis of Het-PMMA/NAS)
To a solution of dry DMF (1 mL), MMA (7.0 mL, 0.06 mol) and NAS (1 g, 6.0
mmol) 4,4’-azobis(4-cyanopentanioc acid) (0.084 g, 0.3 mmol) and 4-cyano pen-
tanoic acid dithiobenzoate (0.42 g, 1.5 mmol) were added. The solution was de-
gassed by three freeze vacuum thaw cycles and reacted in an oil bath at 80 ◦C for
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2 h. The reaction was stopped by cooling the solution to room temperature. After
precipitation in ice cold methanol the product was dried under vacuum.
δH (400 MHz, dmso-d6) = 0.8 (s, 3H, CH3), 2.7 (t, 2H, CH2), 1.0 (s, 3H, CH3), 1.1
(s, 3H, CH3), 1.5 (s, 2H, CH2), 1.8 (s, 2H, CH2), 2.6 (tr, 2H, CH2), 2.8 (s, 4H, CH2),
3.5 (s, 3H, CH3), 7.5 (tr, 3H, CH), 7.7 (d, 2H, CH) ppm.
Co-polymerization of MMA and AAHS (Synthesis of Het-PMMA/AAHS)
The co-polymerization of MMA (7 mL, 0.06 mol) and AAHS (1.4 g, 6.0 mmol) fol-
lowed the procedure described for MMA/NAS copolymers.
δH (400 MHz, dmso-d6) = 0.8 (s, 3 H, CH3), 2.7 (tr, 2H, CH2), 1.0 (s, 3H, CH3), 1.1
(s, 3H, CH3), 1.5 (s, 2H, CH2), 1.8 (s, 2H, CH2), 2.4 (tr, 2H, CH2), 2.6 (m, 2H CH2),
2.8 (s, 4H, CH2), 3.2 (m, 2H, CH2), 3.5 (s, 3H, CH3), 7.4 (tr, 3H, CH), 7.6 (d, 2H,
CH) ppm.
Kinetic Investigations
To the co-polymerization mixture trioxane (57 mg, 0.64 mmol) was added as an
internal standard. Samples (0.2 mL) were taken at 15, 30, 60, 90 and 120 minutes
and analyzed by SEC and 1H NMR spectroscopy.
Determination of the Reactivity Ratios
In 4 Schlenk tubes trioxane (57 mg, 0.64 mmol), 4,4 -azobis(4-cyanopentanoic acid)
(0.5 mg, 0.1 mmol), dry DMF (1 mL), as well as the monomers in different ratio
(80/20, 60/40, 40/60, and 20/80) were added (see Table 6 and see Table 7). The
reaction mixtures were degassed by three freeze vacuum thaw cycles. At t=0 min
a sample was taken from each tube for 1H NMR measurements. The tubes were
heated at 65 ◦C. After 7 min a second sample for 1H NMR measurements was
taken from each tube. Conversions below 10 % were achieved.
Synthesis of Carboxylic Acid Homo Telechelic Polymer Ca-Hot-PMMA/NAS
or Ca-Hot-PMMA/AAHS
Copolymer Het-PMMA/NAS or Het-PMMA/AAHS (1 g each, ca. 0.2 mmol re-
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Monomer Monomer ratio
80/20 60/40 40/60 20/80
NAS 0.4 g 0.3 g 0.2 g 0.1 g
(2.4 mmol) (1.8 mmol) (1.2 mmol) (0.6 mmol)
MMA 0.6 g 0.12 g 0.18 g 0.25 g
(0.6 mmol) (1.2 mmol) (1.8 mmol) (2.4) mmol
Table 6: Determination of the reactivity ratios of MMA and NAS
Monomer Monomer ratio
80/20 60/40 40/60 20/80
AAHS 0.6 g 0.5 g 0.33 g 0.14 g
(2.4 mmol) (1.8 mmol) (1.2 mmol) (0.6 mmol)
MMA 0.06 g 0.12 g 0.18 g 0.25 g
(0.6 mmol) (1.2 mmol) (1.8 mmol) (2.4 mmol)
Table 7: Determination of the reactivity ratios of MMA and AAHS
garding to SEC measurements) was dissolved in dry DMF (10 mL)and a excess of
4,4 -azobis(4-cyanopentanoic acid) (2.1 g, 7.5 mmol) was added. The mixture was
degased by three freeze vacuum thaw cycles and heated in an oil bath at 80 ◦C
for 4 h. The polymer was precipitated in ice cold methanol. For further purifica-
tion the precipitation was repeated. After filtration the polymer was dried under
vacuum.
Ca-Hot-PMMA/NAS: δH (400 MHz, dmso-d6) = 0.8 (s, 3H, CH3), 2.7 (t, 2H, CH2),
1.0 (s, 3H, CH3), 1.1 (s, 3H, CH3), 1.5 (s, 2H, CH2), 1.8 (s, 2H, CH2), 2.6 (tr, 4H,
CH2), 2.8 (s, 4H, CH2), 3.5 (s, 3H, CH3) ppm.
Ca-Hot-PMMA/AAHS: δH (400 MHz, dmso-d6) = 0.8 (s, 3H, CH3), 2.7 (tr, 2H,
CH2), 1.0 (s, 3H, CH3), 1.1 (s, 3H, CH3), 1.5 (s, 2H, CH2), 1.8 (s, 2H, CH2), 2.3 (tr,
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4H, CH2), 2.6 (m, 2H CH2), 2.8 (s, 4H, CH2), 3.2 (m, 2H, CH2), 3.5 (s, 3H, CH3)
ppm.
Modification of the Activated Ester Side Groups
To a solution of Ca-Hot-PMMA/NAS (0.38 g, Mn SEC= 5000 g/mol), 5-amino
pentanoic acid (0.2 g, 1.7 mmol), dry DMF (3 mL) and a saturated sodium bicar-
bonate solution (2 mL) were added. The mixture was stirred at room temperature
for 48 h. The resulting polymer was precipitated in ice cold methanol, than dried
under vacuum.
δH (400 MHz, dmso-d6) = 0.8 (s, 3H, CH3), 2.7 (t, 2H, CH2), 1.0 (s, 3H, CH3), 1.1
(s, 3H, CH3), 1.2-1.5 (m, 6H, CH2), 1.8 (s, 2H, CH2), 2.3 (t, 2H, CH2) 2.8 (s, 4H,
CH2), 3.5 (s, 3H, CH3) ppm.
Synthesis of Isocyanate Homo Telechelic Copolymer Is-Hot-PMMA/NAS or Is-
Hot-PMMA/AAHS
Pre dried carboxylic acid telechelic polymer (1 g, ca. 0.2 mmol regrading to SEC
measurements) and a catalytic amount of magnesium chloride were added into a
heated Schlenk flask. Dry DMF (1 mL) and a large excess of hexamethylene diiso-
cyanate (2.8 mL, 16 mmol) were added under nitrogen atmosphere. The Schlenk
flask was connected to a bubble counter to avoid high pressure. The mixture was
heated to 80 ◦C for 4 h. The excess of diisoyanate was removed by vacuum dis-
tillation at 80 ◦C. The remaining polymer was dissolved in DMF and precipitated
in ice cold diethyl ether. The isocyanate telechelic polymer was dried in vacuum
and stored under nitrogen atmosphere at 5 ◦C.
Is-Hot-PMMA/NAS: δH (400 MHz, dmso-d6) = 0.8 (s, 3H, CH3), 2.7 (t, 2H, CH2),
1.0 (s, 3 H, CH3), 1.1 (s, 2 3H, CH3), 1.5 (s, 2H, CH2), 1.8 (s, 2H, CH2), 2.5 (tr, 4H,
CH2), 2.8 (s, 4H, CH2), 3.0 (s, 4H, CH2), 3.5 (s, 3H, CH3) ppm.
Is-Hot-PMMA/AAHS: δH (400 MHz, dmso-d6) = 0.8 (s, 3H, CH3), 2.7 (tr, 2H,
CH2), 1.0 (s, 3H, CH3), 1.1 (s, 2 3H, CH3), 1.5 (s, 2H, CH2), 1.8 (s, 2H, CH2), 2.3
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(tr, 4H, CH2), 2.5 (m, 2H CH2), 2.8 (s, 4H, CH2), 3.0 (s, 4H, CH2), 3.2 (m, 2H,
CH2), 3.5 (s, 3H, CH3) ppm.
Synthesis of BDO.HDI.BDO Hard Segment Blocks
Hexamethylene diisocyanate (6.17 g, 0.04 mol) was dissolved in an excess of 1,4
butane diol (15.6 mL, 0.17 mol). A catalytically amount of tin (II) octoate was
added. The reaction was preceded for 12 h at 80 ◦C. Afterwards the reaction mix-
ture was allowed to cool to room temperature and acetone (100 mL) was added.
The resulting white powder was filtrated, then washed four times with 100 mL of
acetone to remove the remaining 1,4-butanediol. The resulting hard segment was
dried under vacuum. (Yield: 8.3 g, 60%).
δH (400 MHz, dmso-d6) = 1.2-1.5 (m, 14 H, CH2), 2.9 (m, 4H, CH2), 3.3 (m, 4 H,
CH2), 4.4 (s, 2 H, OH), 7.0 (s, 2 H, NH) ppm.
δC (100 MHz, dmso-d6) = 157 (1C, C=O), 67 (2C, CH2), 62 (2C, CH2),40 (2C, CH2),
28 (2C, CH2), 26 (2C, CH2), 24 (2C, CH2) ppm.
Synthesis of Polyurethanes
The diisocyanate terminated prepolymers (Is-Hot-PMMA/NAS or Is-Hot-PMMA
/AAHS) (1 g, each approximately Mn=5000 g/mol) under nitrogen atmosphere
was dissolved in absolute DMF (4 mL) in addition with a catalytic amount of
tin (II) octoate. The equivalent amount of BDO.HDI.BDO (0.069 g, 0.2 mmol) was
added. The reaction was heated to 80 ◦C in an oil bath. After 12 h the reaction was
stopped by precipitation of the product in water. The polyurethane was dried by
lyophilisation.
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5.3 Results and Discussion
The aim of the presented work was the synthesis of isocyanate homo telechelic
polymethacrylate soft segments with activated ester functionalities in the side
chain (Figure 33). Two different monomers NAS and AAHS, both with succin-
imide functionalities were chosen for co-polymerization with MMA. The acti-
vated ester group of NAS is located close to the polymer backbone of the resulting
macromolecule, whereas for AAHS the functional group is connected to the back-
bone via a (CH2)5 spacer.
+
RAFT
+
MgCl2
+
Het-PMMA/NAS or
Het-PMMA/AAHS
Ca-Hot-PMMA/NAS or
Ca-Hot-PMMA/AAHS
Is-Hot-PMMA/NAS or
Is-Hot-PMMA/AAHS
: :
NAS
or
AAHS
:
Figure 33: Synthetic concept for the preparation of isocyanate telechelic Is-Hot-
PMMA/NAS or Is-Hot-PMMA/AAHS.
In the first step (Figure 33), the monomers MMA/NAS and MMA/AAHS were
co-polymerized by RAFT-polymerization resulting in hetero telechelic polymer
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chains Het-PMMA/NAS and Het-PMMA/AAHS both having a carboxylic acid
end-group at the α-side and a dithiobenzoate end-group (the dormant species) at
the ω-side of the polymer chain. In a first post polymerization modification the
dithiobenzoate end-group was removed quantitatively by reacting an excess of
azo-initiator. Carboxylic acid homo telechelic copolymers Ca-Hot-PMMA/NAS
and Ca-Hot-PMMA/AAHS were formed. In a second post polymerization mod-
ification the catalyst magnesium chloride and hexamethylene diisocyanate were
used for the synthesis of isocyanate end-group functionalized polymers Is-Hot-
PMMA/NAS and Is-Hot-PMMA/AAHS . As prove of concept the coupling of
the isocyanate terminated soft segments with a synthesized hard segment build-
ing block was performed.
5.3.1 Monomer Synthesis
NAS was synthesized according to a literature procedure by D‘ Agosto et al. [121]
The synthesis of 6-acrylamidohexanoic succinimide (AAHS) was performed by
slightly modifying the literature procedure (Figure 34).
O
Cl
+ H2N COOH
O
HN
COOH
CaOH
HCl
0 °C
O
HN
COOH
N
OH
O O+
EDCl
0 °C, 2h
AAHS
O
HN
OO
N OO
Figure 34: Two step synthesis of 6-acrylamidohexanoic succinimide (AAHS).
Pless et al. [137] used N,N‘-dicyclohexylcarbodiimide as a coupling agent for the
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ester bond formation. The resulting byproduct, dicyclohexylurea, is insoluble in
water and therefore difficult to separate from the product. In order to get a clean
coupling product, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochlor-
ide (EDCl) was used instead. The urea formed during the reaction is soluble
in water and can be removed completely by extraction of the organic phase with
a sodium bicarbonate solution and water.
In Figure 35 the 1H NMR of AAHS is shown. In the spectrum the signal at δ=8.1
ppm represents the newly formed amide bond (1Hd), the signals at δ=6.2 and
5.6 ppm show the acrylic groups of the polymer (1Hc, 2Ha+b). The peak at δ=2.8
ppm displays 4Hj of the methylene groups of succinimide. The product is clean.
No urea signals were detected.
Figure 35: 1H NMR spectrum of 6-acrylamidohexanoic succinimide (#: solvent peaks).
In order to make sure that the activated ester side chains do not degrade during
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RAFT polymerization at 80 ◦C or further modification steps, the thermal stability
of the active ester monomers NAS and AAHS was investigated by TGA (Fig-
ure 36).
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Figure 36: TGA measurements of a) NAS and b) AAHS (continuous black lines: mass
loss; dotted grey lines: derivatives of the mass loss).
NAS: The TGA measurement of N-acryloxysuccinimide (continuous black line)
shows good thermo stability, with an onset for decomposition at about 280 ◦C.
Two degradation steps were observed in the derivative of the curve. It is assumed
that the first one belongs to the activated ester. It has a mass loss of 65 %. The
theoretical mass loss is 67 %. In a second step the remaining acrylate is burned.
AAHS: In the second diagram the continuous black line shows the thermogravi-
metric behavior of 6-acrylamidohexanoic succinimide. Three degradation steps
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were observed in the derivative of the curve. The degradation starts at about
100 ◦C indicating a lower thermal stability of the monomer compared to NAS.
It is assumed that the first degradation step belongs to the loss of the activated
ester with a detected mass loss of 41 % and a calculated theoretical loss of 40 %.
At higher temperatures of 220 ◦C the remaining substance degrades. The loss of
28 % can be referred to the removal of the acrylamide with the theoretical mass
loss of 24 %. In a last step, the (CH2)5 chains degrade at 380 ◦C. In conclusion, the
TGA results show that no degradation of the two activated monomers is expected
during the RAFT polymerization.
5.3.2 Kinetics of RAFT Polymerization
The hetero telechelic copolymers Het-PMMA/NAS or Het-PMMA/AAHS were
synthesized by RAFT polymerization. For this reaction step it is essential that
cyanovaleric acid α- and dithiobenzoate ω-end-groups are achieved (Figure 37).
Therefore the reaction conditions have to be investigated carefully, in order to
exclude unwanted termination reactions during the RAFT process.
O
O
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R +
HOOC S
CN S
HOOC
CN
O
O
S
OR
S
ACVA
80 °C
90 min
n
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O
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Figure 37: RAFT co-polymerization of MMA/NAS or MMA/AAHS.
The RAFT co-polymerizations of MMA/NHS and MMA/AAHS (molar ratio 9/1)
were carried out with 4,4 -azobis(4-cyanopentanoic acid) as an initiator and 4-
cyanopentanoic acid dithiobenzoate as RAFT CTA. The ratio of CTA to initiator
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was chosen as 5:1.
Het-PMMA/NAS: For the NAS co-polymerization (Figure 38) a linear increase of
the ln(M0/Mt) vs. time plot and of the molecular weight (Mn) vs. conversion
plot, indicate a constant radical concentration and good control over the molec-
ular weight up to 60 % conversion. The molecular weight distribution remains
constant at PDI=1.2 indicating no side reactions.
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Figure 38: Kinetic investigations of the RAFT co-polymerization; a) first order kinetic
plot of co-polymerizations, b) development of the molecular weight at differ-
ent conversions, c) molecular weight distribution vs. conversion. (Triangles:
MMA/NAS, squares: MMA/AAHS)
Het-PMMA/AAHS: The first order kinetic plot (Figure 38) shows a linear behav-
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ior up to conversions of 70 %, indicating a constant concentration of radicals at
that phase of the reaction for the AAHS co-polymerization. A linear increase of
Mn versus conversion was observed till the same conversion (70 %), indicating
a good control of the molecular weight. In addition the polydispersity remains
low at PDI=1.1. For both co-monomers the kinetic studies indicate, controlled
polymerization up to 60-70 % conversion and a loss of the controlled character
at higher conversions. To control the termination, reactions were stopped after
90 min, making sure that only the wanted hetero telechelic polymer chains with
the cyanovaleric acid at the α-side and the dormant species at the ω-side were
achieved.
5.3.3 Determination of Reactivity Ratios
Besides the kinetic investigations of the RAFT polymerization the second impor-
tant investigation is the analysis of the reactivity ratios of MMA/NAS and MMA/
AAHS. A precise determination requires a constant concentration of both mono-
mers in the reactions solution at any time of the reaction. When the conversion is
not higher than 10 % a constant concentration of the co-monomers is assumed.
Since the RAFT polymerization of the co-monomers resulted in high conversions
after short reaction times, the reactivity ratios were determined by free radical
polymerization (FRP) using the same initiator as for the RAFT polymerization
4,4-azobis(cyanopentanoic acid). The difference in the polymerization methods
should not lead to drastically deviations. Favier et al. [138] and Feldermann et
al. [139] compared the reactivity ratios of co-monomers, by free radical polymer-
ization and RAFT polymerization finding rather small differences for the deter-
mined reactivity parameters of the co-polymerization (see Table 8).
For the free radical co-polymerization of MMA/NAS and MMA/AAHS the co-
polymerization parameters were determined by Fineman-Ross. For MMA and
NAS the reactivity ratios of rMMA= 2.8 and rNAS = 0.41 were determined. For
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Comonomers Reactivity ratios Reactivity ratios
(FRP) (RAFT)
Styrene/MMA rS=0.6 rS=0.5
rMMA=0.44 rMMA=0.44
Styrene/ methyl acrylate rS=0.89 rS=0.58
rMA=0.10 rMA=0.14
NAM/NAS rNAM=0.75 rNAM=0.75
rNAS=0.63 rNAS=0.63
Table 8: Reactivity ratios determined by free radical polymerization and RAFT (S:
Styrene; MMA: methyl methacrylate; MA: methyl acrylate; NAM: acryloyl mor-
pholine; NAS:acryloxy succinimde). [138] [139]
MMA/ AAHS the ratios were at rMMA=3.3 and rAAHS=0.46. In both cases MMA
shows a higher reactivity for radical polymerization. This behavior is also sup-
ported by the co-polymerization diagram (Figure 39). For any mole fraction in
the diagram MMA shows higher reactivity.
Figure 40 shows the amount of activated ester in the corresponding RAFT-co-
polymers determined by 1H NMR analysis. The molar ratio of the activated ester
in the reaction solution at t=0 min was 10 %. At different conversions the resulting
copolymers consist of less than 10 % activated ester (approximately 8 % for NAS
und 5 % for AAHS) in the polymer chain proving that MMA is more reactive than
NAS or AAHS.
5.3.4 Synthesis of Het-PMMA/NAS and Het-PMMA/AAHS
Based on the co-polymerization studies and the kinetic analysis the RAFT poly-
merizations were carried out at a molar ratio of the monomer pairs of 9:1 (MMA:
active ester monomer) and with a polymerization time of 90 min.
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Figure 39: Co-polymerization diagram for MMA/NAS (triangles) and MMA/ AAHS
(squares)(M: mole fraction of MMA in feed; m:mole fraction of MMA in the
copolymer, determined by 1H NMR spectroscopy).
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Figure 40: Concentration of activated ester in the copolymer at increasing monomer con-
version (triangles: MMA/NAS, squares: MMA/AAHS)
SEC diagrams (Figure 41) of the hetero telechelic polymers Het-PMMA/NAS and
Het-PMMA/AAHS polymerized for 90 min show unimodal peaks with a nar-
row distribution (and a slight tailing for the NAS copolymer), proving that no
early termination or uncontrolled polymerization took place. Polymers with an
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Figure 41: SEC elugrams of a) Het-PMMA/NAS and b) Het-PMMA/AAHS.
average molecular weight of Mn=8000 g/mol (Het-PMMA/ NAS) and Mn=5000
g/mol (Het-PMMA/AAHS) were obtained. (Figure 41)
For both copolymers Het-PMMA/NAS (Figure 42a) and Het-PMMA/AAHS (Fig-
ure 42b) Raman spectra were recorded; some characteristic signals between 2300
cm-1 and 1500 cm-1 are shown. The absorption band at a wave number between
2235.32 cm-1 and 2238.68 cm-1 are characteristic for the stretching vibration of the
nitrile group of the α-end-group. The absorption band at 1818.31 cm -1 (AAHS:
1814.74 cm -1) and 1784.99 cm -1 (AAHS: 1787.02 cm -1) are characteristic to the
imide groups of the activated ester (for both NAS and AAHS) and the methyl
ester of the polymer building blocks. The absorption at 1591.04 cm-1 (AAHS:
1591.18 cm-1) corresponds to the signal of the C=C valence vibrations of the dithio
benzoate at the ω-end of the polymer chains.
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Figure 42: Raman spectra of a) Het-PMMA/NAS and b) Het-PMMA/AAHS copolymers.
The hetero telechelic character of the copolymers was proven by 1H NMR spec-
troscopy. The measurements were performed in dmso-d6.
Het-PMMA/NAS (Figure 43): For the analysis of the end-groups the signals at
δ=7.7 ppm (2Hh) and δ=7.5 ppm (3Hi) which belong to the aromatic system of
the CTA (ω-end of the polymer chain) are compared to the signal at ω=2.6 ppm
(2Ha; cyanopentanoic acid at the α-end). The integral areas of those peaks prove
the hetero telechelic character of the polymer chains. In the section of 2.7 ppm
< δ < 3.7 ppm the signals for the methyl ester of MMA (3.5 ppm, 3Hf) and the
methylene group of the succinimide (2.8 ppm 4Hg) are displayed. The amount of
NAS in the polymer after 90 min reaction time calculated from the 1H NMR spec-
tra is approximately 8 %, proving that, even with a low reactivity ratio, activated
ester monomers were incorporated.
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Figure 43: 1H NMR spectrum of Het-PMMA/NAS copolymer a) aromatic signals section
from 7.4 ppm < δ< 7.8 ppm b) section from 2.7 ppm < δ< 3.7 ppm showing the
signals of the methyl ester and the succinimide groups c) section from 2.4 ppm
< δ< 2.8 ppm showing a signal of the cyanopentanoic acid. (#: DMF)
Het-PMMA/AAHS (Figure 44): To prove the hetero telechelic character of Het-
PMMA/AAHS the 1H NMR signals at δ=7.6 ppm and 7.4 ppm (the dithioben-
zoate (2Hh and 3Hi)) and the one at 2.4 ppm (2Ha) (cyanovaleric acid end-group)
are compared. The integral areas of these signals outline the hetero telechelic
character of the polymer chains. The section of 2.7 ppm < δ < 3.7 ppm is show-
ing the signals of the methyl ester (3.5 ppm, 3Hf) and the methylene groups of
the succinimide (2.8 ppm, 4Hg). The ratio of the AAHS co-monomer within the
polymer is 5 % confirming that AAHS was successfully incorporated.
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Figure 44: 1H NMR spectrum of Het-PMMA/AAHS copolymers a) aromatic signals sec-
tion from 7.3 ppm < δ< 7.7 ppm b) section from 2.7 ppm < δ< 3.7 ppm showing
the signals of the methyl ester and the succinimide c) section from 2.39 ppm <
δ< 2.47 ppm showing a signal of the cyanopentanoic acid.
5.3.5 Synthesis of Ca-Hot-PMMA/NAS or Ca-Hot-PMMA/AAHS
The dormant character at the ω-end of the polymer chains is used for the synthesis
of carboxylic acid α,ω-telechelic polymers.
At temperatures of 80 ◦C the C-S bond at the ω- end breaks. With an excess of
radicals, such as an excess of azobis(cyanovaleric acid), an exchange of the ω-end-
groups with cyanovaleric acid radicals can be achieved. The recombination of the
radicals results in carboxylic acid homo telechelic polymer Ca-Hot-PMMA/NAS
or Ca-Hot-PMMA/AAHS and the recovery of the RAFT CTA (Figure 45). In or-
der to allow a quantitative removal of the dithiobenzoate groups the reaction time
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Figure 45: Synthesis of homo telechelic Ca-Hot-PMMA/NAS or Ca-Hot PMMA/AAHS
copolymers.
was set to 4 h - twice the half life time of the azo-initiator. The precipitated poly-
mer was purified by washing with methanol.
SEC measurements were performed on both, Ca-Hot-PMMA/NAS and Ca-Hot-
PMMA/ AAHS (Figure 46). The elugrams of both copolymers show a unimodal,
narrow molar mass distribution. Furthermore, the molecular weight Mn=8000
g/mol (Ca-Hot-PMMA/NAS) and Mn=5000 g/mol (Ca-Hot-PMMA/AAHS) did
not change during the transformation indicating the absence of side reactions
such as degradation or recombination reactions.
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Figure 46: SEC measurement of a) Ca-Hot-PMMA / NAS and b) Ca-Hot-PMMA / AAHS
copolymers.
For a good overview on the chemical composition of the polymer chains Ra-
man spectroscopy was performed (Figure 47). For both copolymers the section
between 2300.00 to 1800.00 cm-1 shows several characteristic absorption bands:
i) the signal at 2235.32 cm-1 belongs to nitrile groups of the α,ω-end-groups, ii)
1814.74 cm-1 and 1787.02 cm-1 is due to vibrations of the imide group of the acti-
vated ester, iii) signal at 1728.90 cm-1 results from the valence vibrations of the
methyl ester of MMA and the activated ester. In these spectra no signals at
1591.37 cm-1 related on the dithiobenzoate were detected, proving a quantitative
modification of the ω-end-group.
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Figure 47: Section of Raman spectra of a) Ca-Hot-PMMA/NAS and b) Ca-Hot-
PMMA/AAHS copolymers.
SEC and Raman spectroscopy both support the homo telechelic character of Ca-
Hot-PMMA/NAS and Ca-Hot-PMMA/AAHS, which was finally proven by 1H
NMR data.
Ca-Hot-PMMA/NAS: The removal of all dithiobenzoate groups was evidenced
by the disappearances of the aromatic signals between δ=7.9 and 7.5 ppm (Fig-
ure 48). Furthermore the integral area of the peak at δ=2.6 ppm standing for a CH2
group of the cyanovaleric acid has doubled, showing that the ω- end-group was
quantitatively modified by combination with an initiator radical. The section be-
tween 2.7 ppm < δ < 3.8 ppm displays the signals of the methyl ester (δ=3.5 ppm,
3Hf) and the CH2 groups of the succinimide (2.8 ppm, 4Hg). The ratio of the co-
monomers within the polymer did not change during the post polymerization
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modification of the ω-end-group. The amount of NAS remains constant at ap-
proximately 8 % proving that the side chain functionality stays intact during the
modification reactions (Figure 48).
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Figure 48: 1H NMR spectrum of Ca-Hot-PMMA / NAS copolymer a) aromatic signals
section from 7.4 ppm < δ< 8.1 ppm b) section from 2.7 ppm < δ< 3.8 ppm show-
ing the signals of the methyl ester and the succinimide groups c) section from
2.4 ppm < δ< 2.6 ppm showing a signal of the cyanopentanoic acid. (#: solvent
peak)
Ca-Hot-PMMA/AAHS: Figure 49 shows different sections of a spectrum taken in
dmso-d6. The carboxylic acid homo telechelic character of the polymer chain is
proven by the disappearance of the aromatic proton signals in the section between
92
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δ=8.00 and 7.00 ppm. Furthermore the integral area of the signal at δ=2.3 ppm
which belongs to the cyanovaleric acid end-group has doubled from 2H to 4H,
outlining that the ω-end group was quantitatively modified by a radical exchange
reaction. The ratio of the AAHS co-monomer did not change during the post
modification step; it stays at 5 % and verifies that the activated ester functional
group was not affected by the conversion of the ω- end-group.
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Figure 49: 1H NMR of Ca-Hot-PMMA / AAHS a) aromatic signals section from 7.0 ppm
< δ< 8.1 ppm b) section from 2.8 ppm < δ< 4.0 ppm showing the signals of
the methyl ester and the succinimide c) section from 2.26 ppm < δ< 2.41 ppm
showing a signal of the cyanovaleric acid.
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5.3.6 Coupling Amines onto the Activated Ester Side Groups
For the preparation of bioactive polymer chains molecules can be immobilized
onto the pendant activated ester groups of the homo telechelic copolymers. For
the presented synthetic strategy the modification reaction could be performed
either at the carboxylic acid homo telechelic polymer or after the polyurethane
synthesis. The best point for the immobilization depends strongly on the chemi-
cal structure of the (protected) bioactive molecule. However, a coupling reaction
at this early stage guarantees less steric hindrance for the coupling reaction.
Figure 50: Side group modification with 5-aminopentanoic acid.
The following experiment was performed to prove that it is possible to function-
alize the pendant activated ester side groups. The reaction was performed for
Ca-Hot-PMMA/NAS only, since the side group of both telechelic building blocks
is the same. As a model amine 5-Aminopentanioc acid was chosen (Figure 50).
The coupling agents and the synthesized homo telechelic copolymer were stirred
at room temperature and a sodium bicarbonate solution was added to support
the reaction (which occurs at pH > 7).
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Figure 51: Sections of 1H NMR measurements: a) section from 2.7 ppm < δ< 3.6 ppm
of the unmodified Ca-Hot-PMMA/NAS and b) section from 2.4 ppm < δ<
3.7 ppm of the polymer with modified activated ester side chains.
To prove the successful conversion 1H NMR of the obtained polymer and the
product of the modification are compared. In Figure 51 (left side) a section of the
measurement of the unmodified Ca-Hot-PMMA/NAS is presented. Peaks of the
methyl ester of MMA and of the activated ester of NAS can be seen at δ=3.5 and
2.8 ppm. In Figure 51 (right side) the same section of the modified polymer can
be seen. After the modification step the signal of the activated ester almost disap-
pears while the integral area of the methyl ester at δ=3.5 ppm remained constant.
A conversion of 86 % of the activated ester side chains was calculated. The 1H
NMR measurement outlines that it is possible to couple molecules onto the side
chain of the polymer.
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5.3.7 Preparation Is-Hot-PMMA/NAS and Is-Hot-PMMA/AAHS
The aim of the present work was to prepare highly reactive isocyanate telechelic
building blocks, which among others, can be used for the preparation of block
copolymers. The reaction of an isocyanate with a carboxylic acid using magne-
sium chloride as a catalyst was described before by Gürtler et al. [140] I used
magnesium chloride as a catalyst and hexamethylene diisocyanate to form α,ω-
isocyanate telechelic copolymers (Is-Hot-PMMA/NAS or Is-Hot-PMMA/AAHS).
The reaction occurs under mild conditions, at a temperature of 80 ◦C and a short
reaction time of 4 h (Figure 52).
Figure 52: Synthesis of isocyanate telechelic Is-Hot-PMMA/NAS or Is-Hot-
PMMA/AAHS copolymers.
The SEC diagrams of both copolymers show a unimodal distribution, confirming
that all carboxylic acid groups were converted (Figure 53). The molecular weight
of the polymer chains did not change. It assures that the polymer chains were not
extended; they were end-group functionalized.
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Figure 53: SEC elugrams of a) Is-Hot-PMMA/NAS and b) Is-Hot-PMMA/AAHS
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Figure 54: 1H NMR spectrum of Is-Hot-PMMA/NAS copolymer. Section from
2.4 ppm < δ < 3.7 ppm is presented.
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The successful reaction of the carboxylic acid with the diisocyanate was proven
by 1H NMR spectroscopy.
Is-Hot-PMMA/NAS (Figure 54): By comparison of the signal of the cyanovaleric
acid end-group at δ=2.5 ppm with the signal of the hexamethylene diisocyanate
at δ=3.0 ppm a conversion of 100 % can be calculated. The concentration of NAS
groups in the copolymer calculated by comparison of the signals of the methyl es-
ter at δ=3.5 ppm (3Hc) with the succinimide methylene groups at δ=2.8 ppm (4Hd)
remains at approximately 8 % indicating that the activated ester functionality is
not effected by the conversion of the carboxylic acid end-group with the diiso-
cyanate. It proves that the activated ester side functionality stays intact during all
modification steps.
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Figure 55: 1H NMR spectrum of Is-Hot-PMMA/AAHS copolymer. Section from 2.7 ppm
< δ< 3.6 ppm is presented.
Is-Hot-PMMA/AAHS (Figure 55): To calculate the conversion of the carboxylic
acid end-group the signal at δ=2.5 ppm belonging to the cyanovaleric acid end-
98
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group (4Hb) was compared with the signal of the hexamethylene diisocyanate
at δ=3.0 ppm. A conversion of 100 % was calculated. The ratio of the signal of
the methyl ester (3.5 ppm, 3Hc) and the one of the succinimide methylene groups
(δ=2.80 ppm, 4Hd) stays constant. The polymer chain is composed of approxi-
mately 5 % AAHS. The activated ester stays intact during all end-group modifi-
cation steps.
5.3.8 Polyurethane synthesis
The aim of the presented subsection was to prove that isocyanate homo telechelic
polymers with functional activated ester side chains can be used as side group
functionalized soft segment for polyurethane synthesis (Figure 56). The poly-
urethane synthesis included the preparation of hard segment building blocks
(butane diol end capped hexamethylene diisocyanates: BDO.HDI.BDO) and the
selective coupling of the isocyanate terminated soft and diol terminated hard seg-
ments in order to achieve segmented polyurethanes.
O N
H
O
+
soft segmenthard segment
O N
H
O
X X
X X
X X
BDO.HDI.BDO
Is-Hot-PMMA/NAS
Is-Hot-PMMA/AAHS
Figure 56: Synthetic strategy for polyurethane synthesis
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The desired hard segment was synthesized by end capping a aliphatic diiso-
cyanate with a six fold excess of 1,4-butane diol. The preparation of monodispers
BDO.HDI.BDO building blocks was described in the previous chapter.
For PUR synthesis the homo telechelic PMMA/activated ester (Is-Hot-PMMA/
NAS and Is-Hot-PMMA/AAHS) prepolymers were chain extended with diol
end-group functionalized hard segments (BDO.HDI.BDO). The reaction time for
the coupling of the hard and the soft segment was chosen as 12 h at 50 ◦C. Tin (II)
octoate is a common, non-toxic, catalyst for the preparation of polyurethanes and
was added to support the reaction.
Like the polyurethanes obtained form Is-Hot-PMMA soft segments in previous
chapter, the resulting polyurethanes with activated side functionalities were as
well insoluble. The insolubility in common solvents is due to the large polarity
differences of the soft- and hard segment and does not result form side reactions
of the activated esters.
Due to the insolubility of the activated ester side group functionalized polyure-
thanes their characterization was performed by FT-IR measurements. The FT-
IR spectra of the two polyurethanes synthesized with Is-Hot-PMMA/NAS and
Is-Hot-PMMA/AAHS soft segments show that carbamate was successfully ob-
tained (Figure 57). The absorption band at approximately 3333.9 cm-1 is caused
by intermolecular hydrogen bonds which occur in between two hard segment
domains. CH2 vibrations of the polymer backbone are displayed at 2934.50 cm-1.
The signals at wave numbers of 1731.91 cm-1 belong to the methyl ester of MMA
and those at 1678.43 cm-1 and 1581.9 cm-1are the amide I and amide II vibrations
of the urethane group. The absorption bands at 1814.78 and 1787.43 cm-1 belong
to the imide of the pendant activated ester side chains, proving that the pendant
functionalities stayed intact during the polymerization.
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Figure 57: FT IR measurement of polyurethane with a) Is-Hot-PMMA/NAS and b) Is-
Hot-PMMA/AAHS soft segment
The FT IR characterization proves that it is possible to use Is-Hot-PMMA/NAS
and Is-Hot-PMMA/AAHS for polyurethane synthesis by selectively addressing
the isocyanate terminus of the soft segments while the activated ester side func-
tionality stays intact.
5.4 Conclusion
This chapter presented the successful synthesis of two different α,ω-isocyanate
telechelic poly(methyl methacrylate) copolymers, (poly(methyl methacrylate-co-
acryloxy succinimide) and poly(methyl methacrylate-co-acrylamidohexanoic suc-
cinimide)) with activated ester functional side groups. The monomers were syn-
thesized and their thermal stability was determined by thermogravimetric mea-
surements. The RAFT polymerization of MMA/NAS follows a first order kinetic
up to a conversion of 60 %. For polymerization of the co-monomers MMA/AAHS
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the kinetic investigation shows a controlled reaction up to a conversion of 70 %.
The reactivity ratios of the co-polymerizations were determined according to the
Fineman-Ross equations. Polymers with molar masses of 5000-8000 g/mol and a
ratio of activated ester of 8 % (MMA/NAS) and 5 % (MMA/AAHS) were pre-
pared. The hetero telechelic character of the copolymers was determined by
SEC, Raman and 1H NMR spectroscopy. Formation of telechelic copolymers with
two carboxylic acid end-groups was obtained by reacting the ω-end groups with
an excess of azobis(cyanovaleric acid). The quantitative conversion of the end-
group of Ca-Het-PMMA/NAS and Ca-Het-PMMA/AAHS is straight forward
and was characterized by SEC, Raman and 1H NMR spectroscopy. The reac-
tion of a model amine with the activated carboxylic acid outlines the possibil-
ity of side group modifications. Isocyanate homo telechelic building blocks were
formed by reaction with hexamethylene diisocyanate using magnesium chloride
as catalyst. The modification step of both polymer chains was quantitative as
confirmed by SEC and 1H NMR measurements. The resulting soft segments were
used for polyurethanes synthesis. FT-IR measurements prove the formation of
polyurethanes with intact side groups.
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6 Synthesis of
α,ω-Isocyanate-telechelic
Poly(methyl methacrylate-co-allyl
methacrylate) Soft Segments
Isocyanate homo telechelic poly(methyl methacrylate-co-allyl methacrylate)s were
prepared and used as soft segments for thermoplastic polyurethanes. Copoly-
merization of allyl methacrylate and methyl methacrylate by RAFT leads to s se-
lective conversion of the methacrylate C,C double bonds, leaving the allyl groups
in the polymer side chain intact. A hetero telechelic MMA/AMA copolymer
(Het-PMMA/AMA, molar ratio of MMA/AMA=10/1) with a carboxylic acid and
a dithiobenzoate terminus was obtained using 4,4-azobis(4-cyano pentanoic acid)
as initiator and 4-cyano pentanoic acid dithiobenzoate as chain transfer agent.
In a second reaction step the dithiobenzoate terminus is converted to carboxylic
acid groups by a radical exchange reaction. The carboxylic acid homo telechelic
statistical copolymer (Ca-Hot-PMMA/AMA) is converted quantitatively by reac-
tion with hexamethylene diisocyanate in order to form isocyanate homo telechelic
copolymer (Is-Hot-PMMA/AMA). Last he obtained soft segments were used for
polyurethane synthesis. The well-defined polymer structures are characterized
by SEC, Raman, and 1H NMR spectroscopy.
6.1 Introduction
Since the first attempts as coating foams for breast prosthesis in 1950 polyurethanes
have become a versatile biomaterial. Today, because of their good blood compati-
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bility they are used as vascular grafts and for blood device interfaces. [141] How-
ever, the main disadvantage of polyurethanes is their limited biostability. The
soft segments of polyurethanes (mainly consisting of polyester or polyether di-
ols) tend to (hydrolytic or enzymatic)degradation when implanted in a biological
system. [142] Therefor the development of a homo telechelic PMMA soft seg-
ment based on carbon atoms only might enhance the hydrolytic stability of this
biomaterial.
α,ω-Telechelic polymer chains are basic building blocks for the formation of poly-
mer networks, block copolymers, graft polymers and are used for chain exten-
sions. [143][144] A good overview on the synthesis of telechelic polymers, from
step growth to chain growth reactions can be found in [145]. When polymers are
prepared by controlled radical polymerization methods the post polymerization
modification of the end-group can lead to homo telechelic macromolecules. A
broad overview of different controlled radical polymerization methods and post
polymerization modifications on the resulting polymer chains can be found in the
review of Yagci et al. [146] Polymers synthesized by RAFT, for example, result in
hetero telechelic chains with the radical initiator (R) of the chain transfer agent
(CTA) at the α-side and the dithiobezoate controlling unite (Z) at the ω-side. The
resulting ω-end-group can be modified by reductive, thermolytic or aminolytic
modification reactions of the dithiobenzoate group. [147][148][149][150] A more
straight forward synthetic route towards homo telechelic RAFT polymers was
introduced by Perrier et al. [151] They used the dormant character of the ω-
terminus of the RAFT synthesized polymer chains to achieve homo telechelic
polymers. The strategy is based on a radical exchange which results in homo
telechelic polymers when the right combination of Chain Transfer Agent (CTA)
and azo-initiator is used. Applying this procedure α,ω-telechelic polymers with
nitrile or carboxylic acid end-groups were obtained.
Another contemporary issue in research is related to the controlled behavior of a
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biomaterial which can be achieved by the immobilization of specific molecules
onto a polymer chain. Such modification reactions were used to couple anti-
bodies, immunoglobulins or other peptides (such as RGD) covalently on a bio-
materials surface. [152][153] A pendant side functionality which is needed for
the immobilization of peptides can be achieved by the (co-) polymerization of
specific monomers. Activated esters are common functional groups for the cou-
pling of peptides through the N-terminus. [153] Another possibility for bioactive
molecules with a thiol functional group could be the immobilization on pendant
C,C double bond side groups of the polymer. In this case the coupling would
occur through thiol-ene addition reactions. In order to guarantee a successful im-
mobilization, any functional side group should not undergo side reactions or post
polymerization modification reactions.
Symmetric monomers bearing two reactive double bonds in their chemical struc-
ture (such as divinylbenzene or bisacrylates) are widely used as cross-linkers.
Because of their symmetry the two double bonds do not show a selective re-
activity and (co-) polymerization results in polymer networks. In contrast the
double bonds of asymmetric monomers can be addressed selectively and can
therefore, under selected conditions, be radically polymerized yielding linear
macromolecules. In general the regio specific reactivity of asymmetric bifunc-
tional monomers is a consequence of different electron density at the two vinyl
groups, or has its origin in a steric hindrance of one of the C,C double bonds.
A good example for such an asymmetric monomer is allyl methacrylate (AMA)
whose chemical structure consists of a reactive methacrylate double bond and a
less reactive allyl group (see Figure 58).
It is not hard to believe that, even with a regio selective preference cross-linking
or branching might occur during the polymerization. However, investigations of
free radical (co-) polymerizations show that the allyl double bond is not reacted
noteworthy as long as the concentration of the acrylate double bonds in the reac-
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Figure 58: Asymmetric monomer: allyl methacrylate.
tion solution is high (for example at low conversions). Side reactions (conversion
of the allyl double bond) occur mainly at high monomer conversions. Then the
concentration of the methacrylate groups is strongly reduced while the concen-
tration of the ally groups (in monomer and polymer side chains) stays constantly
high. [154] To achieve high monomer conversions with no or less cross linking
Cohen and Sparrow [155] suggested, that the cross linking could be reduced with
decreasing chain length of the polymer. In this regard Matsumoto et al. [156][157]
successfully used laurylmercaptan as a chain transfer agent in homo- and co-
polymerizations of AMA. In their research 1H NMR, 13C NMR and IR analysis
did not outline any methacrylic side chains, proving that the polymerization oc-
curred at the methacrylic double bond and only allylic side chains were formed.
Concerning the intermolecular cross linking at higher conversions the researchers
suggested that this side reaction might be assisted by hooking of the high molec-
ular weight polymer chains. So far AMA was polymerized successfully poly-
merized using different polymerization mechanisms and techniques such as free
radical- [158][159][160], anionic- [161] or ATRP [162] respectively emulsion [163],
solution or bulk polymerization. Furthermore, successful reactions at the C=C
functionality of the side chain post polymerization were investigated by Kamo-
gawa et al. [164]
The use of controlled radical polymerization is a further development of Mat-
sumotos idea to use a chain transfer agents. So far, Mennicken et al. proved that
107
108 α,ωtelechelic Poly(methyl methacrylate-co-allyl methacrylate) 6
with applying ATRP it is possible to synthesize linear AMA/styrene or AMA/
methyl methacrylate copolymers up to high conversions. [165] RAFT involves
conventional free radical polymerization technique of monomers in the presence
of a chain transfer agent and should therefore be as well suitable for the controlled
polymerization of AMA. Reactivity parameters of the co-monomers (MMA and
AMA) of rMMA = 0.95 ± 0.16 and rAMA = 1.20 ± 0.14 were determined by
Schmidt-Naake et al. [166]
The aim of this work was the synthesis of linear AMA/MMA copolymers with
pendant double bonds and isocyanate homo telechelic end-groups. The syn-
thetic route includes RAFT polymerization of AMA/MMA monomers using 4-
cyano pentanoic acid dithiobenzoate as a chain transfer agent. The polymer-
ization results in linear, hetero telechelic copolymers (Het-PMMA/AMA). In a
first post polymerization modification step carboxylic acid homo telechelic poly-
mers (Ca-Hot-PMMA/AMA) are obtained following the synthetic strategy of Per-
rier et al. [150] “Thiol-ene click” reactions with glutathione prove the existence
and possibility for modifications at the pendant allyl side chains. Furthermore,
the catalyzed reaction of the carboxylic acids with diisocyanates results in iso-
cyanate homo telechelic building blocks with allylic functional side chains (Is-
Hot-PMMA/AMA). The resulting telechelic chains were used as soft segments
for polyurethane synthesis.
6.2 Experimental part
6.2.1 Materials
Methyl methacrylate and allyl methacrylate 3 were distilled under vacuum and
stored under nitrogen atmosphere at 5 ◦C before use. 4,4-Azobis(4-cyano pen-
tanoic acid) 3 was recrystallized from methanol prior use and stored at 5 ◦C. All
3all from Sigma Aldrich
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other chemicals were 3 and used as received.
6.2.2 Methodes
1H NMR spectra were recorded on a Bruker AC400 FT NMR spectrometer at 400
MHz; dmso-d6 and CDCl3 were used as solvents and tetramethylsilane (TMS)
served as the internal standard.
Molecular weights (Mn and Mw) were determined by size exclusion chromatog-
raphy (SEC) using DMF as eluent (with LiBr (1 mg/mL)), and a flow rate of
1.0 mL/min.
A high pressure liquid chromatography pump (Bischoff HPLC Compact pump)
and a RI detector (Jasco RI-2031 plus) was used. Calibration was achieved us-
ing poly(methyl methacrylate) (PMMA) standards. Results were evaluated using
WinGPC Unity software.
Raman spectroscopy was performed on a Bruker FT-Raman Spectrometer RFS
100/S with a Nd:YAG laser (200 mV). Each spectrum was recorded with 500
scans.
IR spectra were recorded on a FT IR spectrometer: Nexus 470 (Thermo Nicolet)
(spectral resolution 8 cm-1). Polyurethane samples were dried under vacuum and
pressed in KBr-pellets.
6.2.3 Synthesis
4-Cyano pentanoic acid dithiobenzoate (CTA)
Synthesis of 4-cyano pentanoic acid dithiobenzoate was performed according to
literature. [167]
δH (400 MHz, dmso-d6) = 1.9 (s, 3H, CH3), 2.4 (m, 2H, CH2), 2.5 (m, 4 H, CH2),
7.6 (tr, 2 H, CH), 7.9 (tr, 3 H, CH), 12.4 (s, 1 H, OH) ppm.
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RAFT Copolymerization of MMA and AMA (Synthesis of Het-PMMA/AMA)
To a solution of MMA (6.0 mL, 60.0 mmol) and AMA (0.7 mL, 6.0 mmol) 4,4-
azobis(4-cyano pentanoic acid) (0.084 g, 0.3 mmol) in dry DMF (10 mL) and 4-
cyano pentanoic acid dithiobenzoate (0.42 g, 1.5 mmol) were added. The solution
was degassed by three freeze vacuum thaw cycles and than heated in an oil bath
at 80 ◦C for 2 h. The reaction was stopped by cooling the solution to room tem-
perature. After precipitation in ice cold methanol the product was dried under
vacuum. The polymer was stored under nitrogen atmosphere at 5 ◦C.
δH (400 MHz, dmso-d6) = 0.81 (br, 3H, CH3), 1.01 (br, 3H, CH3), 1.18 (s, 3H, CH3),
1.51 (s, 2H, CH2), 2.43 (s, 2H, CH2), 3.31 (s, 3H, CH3), 4.23 (s, 2 H, CH2), 5.16 (q,
2H, CH2), 5.69 (s, 1H, CH), 7.23 (tr, 2H, CH), 7.41 (tr, 1H, CH), 7.61 (br, 2H, CH)
ppm.
Kinetic Investigations
To the reaction mixture of monomers, initiator, CTA and solvent trioxane (57 mg,
0.64 mmol) was added as an internal standard. Samples of 0.2 mL were with-
drawn at different time intervals of 15, 30, 60, 90, 120 and 240 minutes. The ob-
tained polymer samples were characterized by SEC and 1H NMR spectroscopy.
Investigations of Branching During Copolymerization of MMA/AMA Mixtures
In 4 Schlenk tubes 4,4-azobis(4-cyano pentanoic acid) (0.5 mg, 1.8*10-3 mmol), 4-
cyano pentanoic acid dithiobenzoate (2.4 mg, 0.0089 mmol), dry DMF (1 mL), as
well as different molar ratios of MMA/AMA 20/80, 40/60, 60/40, and 80/20
were added (see Table 9). All reaction mixtures were degased by three freeze
vacuum thaw cycles. The tubes were heated at 80 ◦C. After 2 h a sample for SEC
measurements was taken from each tube. Molecular weights of 4000-5000 g/mol
were achieved.
Synthesis of Carboxylic Acid Homo Telechelic Ca-Hot-PMMA/AMA
The copolymer of Het-PMMA/AMA (1 g, approximately 0.16 mmol determined
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Monomer Monomer ratio
20/80 40/60 60/40 80/20
MMA 0.03 g 0.12 g 0.18 g 0.25 g
(0.3 mmol) (1.2 mmol) (1.8 mmol) (2.5 mmol)
AMA 0.3 g 0.23 g 0.16 g 0.07 g
(2.5 mmol) (1.8 mmol) (1.2 mmol) (0.6 mmol)
Table 9: Reaction mixtures for the investigations of cross linking
by SEC) was dissolved in dry DMF (10 mL) and a fivefold excess (according to
the amount of RAFT CTA used for the polymerization) of 4,4-azobis(4-cyano
pentanoic acid) (2.1 g, 7.5 mmol) was added. The mixture was degased by three
freeze vacuum thaw cycles and heated in an oil bath at 80 ◦C for 4 h. The polymer
was precipitated in ice cold methanol. For further purification the precipitation
was repeated. After filtration the polymer was dried under vacuum. The homo
telechelic polymers were stored under nitrogen atmosphere at 5 ◦C.
δH (400 MHz, dmso-d6) = 0.81 (br, 3H, CH3), 1.01 (br, 3H, CH3), 1.18 (s, 3H, CH3),
1.51 (s, 2H, CH2), 2.41 (br, 4H, CH2), 3.61 (s, 3H, CH3), 4.23 (s, 2 H, CH2), 5.16 (q,
2H, CH2), 5.69 (s, 1H, CH) ppm.
Side Group Modifications by “Thiol-Ene Click” Reactions
Ca-Hot-PMMA/AMA (30.0 mg, 0.006 mmol) and tripeptide glutathione (3.6 mg,
0.012 mmol) were dissolved in a 1:1 mixture of THF and ethanol (2 mL) before
2,2-dimethoxy-2-phenylacetophenone (DMAP) was added and the solution was
purged with nitrogen for 10 min. The reaction mixture was stirred under a UV
radiation for 24 h. The polymer was precipitated twice in ice cold methanol and
dried under vacuum.
δH (300 MHz, dmso-d6) = 0.8 (s, 3H, CH3), 1.0 (s, 3H, CH3), 1.1 (s, 3H, CH3), 1.18
(s, 3H, CH3), 1.51 (s, 2H, CH2), 2.41, 3.4 (s, 3H, CH3), 2.8 (m, 2H, CH2), 2.9 (m,
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2H CH2), 3.9 (m, 2H, CH2), 4.37 (m, 2H, CH2) 8.1 (s, 2H, NH) ppm.
Synthesis of Isocyanate Homo Telechelic Copolymer Is-Hot-PMMA/AMA
In Schlenk flasks pre dried carboxylic acid telechelic polymer (Ca-Hot-PMMA/
AMA) (1 g, approximately 0.1 mmol) and a catalytic amount of magnesium chlo-
ride were dissolved in dry DMF (10 mL) and an excess of hexamethylene diiso-
cyanate (2.8 mL, 0.016 mol) was added under nitrogen atmosphere. The Schlenk
flask was connected to a bubble counter to avoid high pressure. The mixture was
heated to 80 ◦C for 4 h. The excess of diisoyanate was removed by vacuum distil-
lation at 80 ◦C. The remaining polymer was dissolved in DMF and precipitated in
ice cold diethyl ether. The isocyanate telechelic polymer was dried under vacuum
and stored under nitrogen atmosphere at 5 ◦C.
δH (400 MHz, dmso-d6)= 0.81 (br, 3H, CH3), 1.01 (br, 3H, CH3), 1.18 (s, 3H, CH3),
1.51 (s, 2H, CH2), 2.30 (br, 4H, CH2), 2.81 (s, 4H, CH2), 3.31 (s, 3H, CH3), 4.23 (s,
2 H, CH2), 5.16 (q, 2H, CH2), 5.69 (s, 1H, CH) 8.1 (s, 1H, NH) ppm.
Synthesis of BOD.HDI.BDO Hard Segment Building Block
Hexamethylene diisocyanate (6.17 g, 0.04 mol) was dissolved in an excess of 1,4
butane diol (15.6 mL, 0.17 mol). A catalytically amount of tin (II) octoate was
added and the mixture was heated to 80 ◦ C for 12 h. Afterwards the reaction mix-
ture was allowed to cool to room temperature and acetone (100 mL) was added.
The resulting white powder was filtrated, washed four times with 100 mL of ace-
tone to remove the remaining 1,4-butanediol. The resulting product was dried
under vacuum. (Yield: 8.3 g, 60%).
δH (400 MHz, dmso-d6) = 1.2-1.5 (m, 16 H, CH2), 2.9 (m, 4H, CH2), 3.3 (m, 4 H,
CH2), 4.4 (s, 2 H, OH), 7.0 (s, 2 H, NH) ppm.
Synthesis of Polyurethane
The isocyanate terminated prepolymer (Is-Hot-PMMA/AMA) (1 g, approximately
Mn=5000 g/mol) was dissolved in dry DMF (4 mL) under nitrogen atmosphere.
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The equivalent amount of BDO.HDI.BDO (0.069 g, 0.2 mmol) and a catalytic
amount of tin (II) octoate was added. The reaction was heated to 80 ◦C for
12 h. The reaction was stopped by precipitation of the product in water. The
polyurethane was dried under vacuum.
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6.3 Results and Discussion
The presented synthesis of α,ω-isocyanate telechelic poly(methyl methacrylate)
soft segments with allyl side group functionalities is organized in three reaction
steps. First RAFT co-polymerizations of MMA and AMA with 4,4-azobis(4-cyano
pentanoic acid) as initiator and 4-cyano pentanoic acid dithiobenzoate as chain
transfer agent is presented.
+
RAFT
+
MgCl2
+
Het-PMMA/AMA
Ca-Hot-PMMA/AMA
Is-Hot-PMMA/AMA
: : :
Figure 59: Synthesis of isocyanate homo telechelic poly(methyl metacrylate-co-allyl
methacrylate)
The resulting linear, statistical copolymer (Het-PMMA/AMA) is hetero telechelic.
It has a cyano pentanoic acid end-group at the α-side and a dithiobenzoate end-
group at the ω-side of the polymer. Because of the regio selective reactivity of
the two double bonds of AMA Het-PMMA/AMA copolymers bear allyl esters as
pendant side chains. In a second reaction step the carboxylic acid homo telechelic
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polymer (Ca-Hot-PMMA/AMA) is obtained by a radical exchange reaction of
the dithiobenzoate ω-terminus with cyano pentanoic acid radicals. The allyl side
chains stayed intact during the modification step and was modified with a tripep-
tide in order to prove the possibility for side group modifications. Finally, iso-
cyanate telechelic Is-Hot-PMMA/AMA was prepared by reacting carboxylic acid
end-groups with hexamethylene diisocyanate and magnesium chloride as a cat-
alyst (Figure 59). The uniform soft segments were coupled with a hard segment
building block in order to obtain polyurethane.
6.3.1 Kinetic Investigations of MMA/AMA RAFT Polymerization
In the first step hetero telechelic polymers with carboxylic acid α- and dormant
species ω-termini as well as C,C double bond pendant side chains are achieved
by RAFT co-polymerization of MMA and AMA (Figure 60)).
Figure 60: Synthetic route for the preparation of hetero telechelic Poly(methyl
methacrylate-co-allyl methacrylate).
For the successful polymerization of AMA yielding linear polymers the concen-
tration of the methacrylic and allylic double bonds plays an important role. The
formation of branched polymer chains was investigated by determination of the
115
116 α,ωtelechelic Poly(methyl methacrylate-co-allyl methacrylate) 6
number average (Mn)- and weight average (Mw)- molar mass for different con-
centrations of AMA and consequently a different concentration of allyl double
bonds in the reaction mixture.
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Figure 61: Number average (Mn, squares) and weight average (Mw, triangles) molar mass
of copolymers, b) Mw-Mn, c) polydispersity of MMA/AMA co-polymerization
as a function of AMA concentrations in the feed.
Figure 61 shows that the number average molar mass remains constant in the
range of 4000-5000 g/mol at ca. 50 % of monomer conversion. In contrast the
weight average molar mass Mw increases with increasing concentration of AMA
in the feed. The development of Mw outlines that more and more branching oc-
curs for polymers with a higher concentration of AMA in the feed. When the
concentration of AMA in the polymer solution is plotted against the difference
between Mw and Mn the described development is even more evident (Figure 61
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b). In a third diagram the polydispersity was plotted against the concentration
of AMA. The increase of Mw/Mn is a consequence of chain coupling and the for-
mation of branched polymer chains which is a first step towards a cross-linked
structure. The experiments prove that it is possible to co-polymerize AMA with-
out chain coupling when its concentration is kept below 40 %.
The SEC elugrams of the MMA/AMA copolymers and an AMA homo polymer
are presented in Figure 62. The grey broken line shows the monomodal tight
distribution of PMMA/AMA (80:20) with a molecular weight of Mn=7000 g/mol
and a molecular weight distribution of 1.2. Whereas, the grey solid line shows the
wider molecular weight distribution (1.5) of the homo polymerization of AMA.
Polymers with a molecular weight of Mn=3500 g/mol were achieved.
Figure 62: SEC elugram of Het-PMMA/AMA with different molar ratios (20:80 broken
grey, 40:60 dotted black, 60:40 dotted grey, 80:20 solid black line) of the co-
monomers and Het-PAMA (solid grey line)
The second focus in this paragraph lies on the kinetic investigations of the co-
polymerization, since a controlled reaction guarantees uniform α- and ω-end-
groups, which are necessitated for the post polymerization modification of end-
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groups. The kinetic investigation of the co-polymerization was performed with
4-cyano pentanoic acid dithiobenzoate as a chain transfer agent. The ratio of ini-
tiator to CTA was chosen to be 1:5. For the aimed hetero telechelic copolymers the
concentration of the monomers was chosen as 10:1 MMA/AMA. Trioxane was
used as an internal standard for conversion determinations by 1H NMR, samples
were withdrawn from the reaction at different time intervals.
The first order kinetic plot ((Figure 63a) shows a linear increase up to a conversion
of 50 %. The dependence of the molecular weight vs. conversion is linear, too and
the molecular weight distribution stays at an acceptable value of 1.2. All three
plots prove a good control of the reaction in which no unwanted termination
reactions (disproportion or recombination) occurred. Furthermore side reactions
at the allyl side group can be excluded since they would lead to polymers with
higher polydispersity.
The kinetic investigations showed that it is possible to prepare copolymers with
ally groups in the side chain, when the molar ratio of AMA is kept below 40 mol%
and high concentrations of methacrylic double bonds are guaranteed. In order to
avoid any unwanted termination reactions the RAFT co-polymerizations were
performed up to conversions of 50 %.
Kept under nitrogen atmosphere and at 5 ◦C the polymers stayed intact and sol-
uble in DMF for a week. Afterwards “self-reactive” cross linking of the polymer
chains resulted in (partly) insoluble material.
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Figure 63: Kinetic plots of RAFT co-polymerizations of MMA/AMA 10:1.
6.3.2 Characterization of MMA/AMA Copolymers
Kinetic investigations and SEC suggest that the copolymers of PMMA/AMA can
be synthesized without any side reaction. For the synthesis of homo telechelic
polymer chains, the co-polymerization with a molar ratio of 10:1 (MMA:AMA) is
versatile and will be investigated in more detail.
The recorded Raman spectrum of Het-PMMA/AMA (Figure 64 shows four char-
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acteristic bands. The band at 2232.62 cm-1 is caused by the nitrile functional group
at the α-end. The band at 1728.76 cm-1 is characteristic for the ester group of the
methyl methacrylate and allyl methacrylate, the one at 1648.01 cm-1 outlines the
allyl double bond. The last absorbent shown in the spectra (1591.37 cm-1) con-
firms the presence of the dithiobenzoate ω-end-group. The obtained spectrum
proves that the polymerization of the co-monomers occurred by the methacrylate
C,C double bond leaving the allyl group unaltered.
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Figure 64: Section of Raman spectra of Het-PMMA/AMA.
The 1H NMR spectrum of the copolymer confirms the hetero telechelic character.
Figure 65 shows three characteristic details of the spectrum: a) the section be-
tween 7.1 ppm < δ < 7.7 ppm the protons of the dithiobenzoate group (2Hl, 1Hm,
2Hk) can be seen; they correspond to the ω- end-group of the polymer chain; b) at
3.6 ppm < δ < 7.1 ppm the signals presenting the intact allyl ester (5.6 ppm (1Hj)
and 5.1 ppm (1Hj) and 5.2 ppm (2Hi)) as well as the signal of the methyl ester
groups (3.3 ppm (3He)) are shown. The concentration of AMA determined by
comparison of the integral areas of Heand Hi was calculated as 10 %. c) The last
section is characteristic for the α-end-group of the polymer chain. The proton
signal at δ=2.4 ppm is referred to the cyano pentanoic acid of the initiator and
CTA.
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Figure 65: 1H NMR spectrum of hetero telechelic RAFT copolymer a) aromatics sig-
nals section from 7.1 ppm < δ < 7.6 ppm b) section from 3.6 ppm < δ< 6.1 ppm
(showing the signal of the allyl and methyl ester side group) c) section from
2.4 ppm < δ< 2.7 ppm representing one signal of the cyano pentanoic acid α-
end-group.
6.3.3 Synthesis of Homo Telechelic Poly(methyl methacrylate-co-allyl meth
acrylate)
In a second reaction step attempts to replace the ω- end-group of the polymer with
carboxylate groups are described. For this modification the dormant character of
the ω-end-group of the polymer chain plays an important role. At higher temper-
ature the C-S bond will break. With excess of an azo-initiator which composes
at the same temperature the homo telechelic polymer is formed by radical ex-
change. During the modification step the double bond of the pendant side chain
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stays intact (Figure 66).
Figure 66: Synthetic route for the preparation of carboxylic acid homo telechelic
poly(methyl methacrylate-co-allyl methacrylate).
A SEC measurement was performed of Ca-Hot-PMMA/AMA (Figure 67). The
plot shows a unimodal distribution. The molecular weight distribution stays nar-
row (Mw/Mn=1.3). From the run of the elugram it is assumed, that the modifi-
cation of the ω- end-group was performed successfully. The narrow molecular
weight distribution suggests that no branching occurred.
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Figure 67: SEC diagram of Ca-Hot-PMMA/AMA.
The Raman spectrum of the homo telechelic polymer (Figure 68) shows character-
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istic absorption bands: a) at 2240.01 cm-1 for the nitrile group of cyano pentanoic
acid at the αand ω- end of the polymer; b) the signal at 1728.80 cm-1 is due to
the vibrations of the methyl ester of methyl methacrylate and allyl methacrylate;
c) the band at 1647.94 cm-1 of the C,C double bond of AMA, which was not af-
fected by this modification step. Absorption at approximately 1591 cm-1 could
not be observed indicating that the dithiobenzoate ω-end-group was completely
removed.
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Figure 68: Characteristic section of Raman spectra of Ca-Hot-PMMA/AMA.
1H NMR of Ca-Hot-PMMA/AMA was measured in order to prove the success-
ful modification of the ω- end-group as well as the intact allyl side chain func-
tionalities. The first section in Figure 69 a) shows the quantitative removal of the
dithiobenzoate. No aromatic proton signals were detected. In Figure 69 b) the sig-
nals of the allyl side chain of AMA (1Hi, 2Hj, 2Hh) at 5.3-5.9 ppm and those of the
methyl ester of MMA (3He) at 3.5 ppm are displayed. The integral areas beyond
the peaks did not change in comparison to those of Het-PMMA/AMA. It indi-
cates that no cross linking occurred. The concentration of AMA remains constant
at 10 %. In the last section (c) the integral area of the signal of the cyanopentanoic
acid end-groups (4Ha) has changed form 2 (for Het-PMMA/AMA) to 4, proving
the homo telechelic character of the obtained chains.
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Figure 69: 1H NMR of carboxylic acid telechelic RAFT copolymer a) signals from 7.2 ppm
< δ< 7.7 ppm b) signals from 3.4 ppm < δ< 6.3 ppm (showing the methyl ester
and ally ester groups) c) section from 2.3 ppm < δ< 2.6 ppm representing one
signal of the cyano pentanoic acid α,ω-end-group.
Kept under nitrogen atmosphere at 5 ◦C the homo telechelic polymer stayed sol-
uble for approximately one week. Afterwards cross linking of the side chains
resulted in a partly insoluble material. For the storage of these samples hydrochi-
non should be added.
6.3.4 Side Group Modification by “Thiol-Ene Click” Reactions
In order to prove the possibility of post modifications of the ally side chain of
the polymer a peptide was coupled via a “thiol-ene click” reaction. As a model
biomolecule the tripeptide glutathione (GSH) with a pendant thiol side group
was chosen. DMPA was used as a photo initiator (Figure 70).
The successful modification of the side group was proven by 1H NMR measure-
ments. In Figure 71 the signal at δ= 3.4 ppm (Ha) displays the methyl ester of
124
6 α,ωtelechelic Poly(methyl methacrylate-co-allyl methacrylate) 125
O O OO
CN
HO
O CN
OH
O
O O OO
CN
HO
O CN
OH
O
S
HN
O
NH OH
O
O
H2N
O
HO
HOOC
NH2
N
H
O
SH
H
N
O
COOH
UV
24 h
+
Figure 70: “Thiol-ene click” reaction with glutathione.
MMA, whereas the ones at δ= 4.3, 2.9 and 2.8 ppm (Hb, Hc, Hd) present the suc-
cessful coupling of the thiol. In the spectrum no signals at δ=5.9 and 5.4 ppm
belonging to the pendant ally group were detected
The successful modification of the pendant ally side group with the antioxidant
glutathione outlines the possibility of bio-functionalization of the polymers.
6.3.5 Synthesis of Isocyanate Homo Telechelic Poly(methyl methacrylate-co-
allyl methacrylate)
Even though isocyanate is a highly reactive functional group, the coupling of
NCO with a carboxylic acid is less reactive and needs to be catalyzed. The cat-
alytic activity of several salts was investigated by Gürtler et al. who found, that
magnesium chloride is a good catalyst for this reaction, even for sterically hin-
dered molecules.[168] (Figure 72)
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Figure 71: 1H NMR of side group modified Ca-Hot-PMMA/AMA
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Figure 72: Synthetic route for the preparation of isocyanate telechelic Poly(methyl meth
acrylate-co-allyl methacrylate).
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The SEC diagram of the polymer (Is-Hot-PMMA) shows a monomodal distribu-
tion, confirming that no chain extension occurred in this reaction (Figure 73).
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Figure 73: SEC elugram of Is-Hot-PMMA/AMA
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The well-defined structure of the polymer was confirmed by 1H NMR measure-
ments (Figure 74). By comparing the integral area of a signal of the cyano pen-
tanoic acid end-group of Ca-Hot-PMMA/AMA at δ=2.3 ppm (4Ha, CH2) with
one signal of the hexamethylene diisocyante end-group of Is-Hot-PMMA/AMA
at δ=2.81 ppm (4Hb, CH2) a quantitative conversion of the carboxylic acid groups
can be calculated. The signals of the double bond of AMA at 4.2 ppm (2Hh, CH2),
5.1 ppm (2Hj, CH2) and 5.6 ppm (1Hi, CH) prove that the side functionality stays
intact during this reaction.
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Figure 74: 1H NMR of isocyanate homo telechelic MMA/AMA copolymer; a) from δ=3.2
to 5.7 ppm the signals of the ally and the methyl ester groups b) from δ=2.3
to 2.8 ppm signals of the cyano pentanoic acid and the hexamethylene diiso-
cyanate terminus.
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6.3.6 Polyurethane Synthesis
The aim of the presented work was to synthesize isocyanate homo telechelic
polymers with functional side chains, which can be used as soft segment build-
ing blocks for polyurethane synthesis (Figure 75). BDO.HDI.BDO hard segment
blocks were used for the polyurethane synthesis, they were obtained by end cap-
ping hexamethylene diisocyanate with an excess of 1,4 butane diol. The coupling
was catalyzed with tin (II) octoate. The diol homo telechelic structure of the hard
segment building blocks was confirmed by 1H NMR measurements. In a second
step the obtained diol telechelic hard segment building blocks (BDO.HDI.BDO)
were reacted with the isocyanate telechelic soft segments (Is-Hot-PMMA/AMA).
The reaction was catalyzed by tin (II) octoate. Due to the strong polarity differ-
ences of the hard and the soft segment it was not possible to find a suitable solvent
for 1H NMR analyses. The characterization of the polyurethanes was performed
by FT-IR measurements.
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Figure 75: Polyurethane synthesis.
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The FT-IR spectrum (Figure 76) of the polyurethane synthesized with Is- Hot-
PMMA/AMA soft segment show the successful formation of the carbamate link-
age. The bands at wavenumbers of 3333.92 cm-1 (intermolecular hydrogen bonds),
1731.91 cm-1 (methyl ester of MMA and AMA) and 1678.43 cm-1 and 1581.89
(amide I+II vibrations) prove the successful formation of the polyurethane, were
as the band at 1621.70 cm-1 belongs to the pendant C,C double bond, which stayed
intact during the coupling of the hard- and soft segment. FT IR measurements
prove the successful use of Is-Hot-PMMA/AMA as a soft segment building block
for polyurethane synthesis. The pendant double bond stays.
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Figure 76: FT IR measurement of Polyurethane with Is-Hot-PMMA / AMA soft segment.
6.4 Conclusion
A synthetic route for the preparation of isocyanate homo telechelic poly(methyl
methacrylate-co-allyl methacrylate) building blocks is presented. The resulting
soluble polymer bears double bond side functionality. Its synthesis is straight
forward no protection or deprotection of the double bond is needed due to the
regio selective reactivity of the used co-monomer. By RAFT polymerization het-
ero telechelic copolymers with a molecular mass of Mn= 5000-10000 g/mol were
obtained. In a post polymerization modification the dithiobenzoate ω-end-group
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of the polymer was converted. A homo telechelic polymer with carboxylic acid
end-groups was obtained. The last step involves the end capping of the homo
telechelic material with diisocyante. With the use of magnesium chloride the
modification occurs quantitatively. The well-defined structures of the polymer
chains were analyzed and confirmed by Raman spectroscopy, SEC and 1H NMR
measurements. The resulting soft segment building blocks were used for poly-
urethane synthesis.
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7 Appendix
A Synthesis of 4-cyano pentanoic acid dithiobenzoate (CTA)
The synthesis of 4-cyano pentanoic acid dithiobenzoate which were performed
according to literature procedure [94] are outlined here.
A.1 Materials
Benzyl chloride was destabilized by chromatography through an aluminum ox-
ide column prior use, 1.0 N HCl, diethyl ether, potassium (III) hexacyanoferrate,
ethyl acetate, 4,4-azobis cyanopentanoic acid, sodium methoxide, methanol (an-
hydrous) and elemental sulfur were purchased from Sigma Aldrich and used as
received.
A.2 Synthesis
Step 1: Synthesis of Sodium Dithiobenzoate
Figure 77: Synthesis of sodium dithiobenzoate.
The described reaction was performed under nitrogen atmosphere. Into a heated
500 mL three necks round bottom flask, equipped with a dropping funnel, ther-
mometer and septum, a 30 mol% solution of sodium methoxide (90 g; 0.5 mol) in
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methanol was added. Elemental sulfur (16 g, 0.5 mol) and additional dry methan-
ol (150 mL) were added at room temperature. Benzyl chloride (31.5 g, 0.25 mol)
was slowly added through the dropping funnel in a time interval of 1 h. The
reaction mixture was heated in an oil bath at 67 ◦C for 10 h and then cooled to
7 ◦C in an ice bath. The precipitating salt was removed by filtration. Afterwards
the solvent was removed under vacuum and distilled water (250 mL) was added
to solve the remaining residue. The product was purified by extraction with di-
ethyl ether (3 times 100 mL) afterwards diethyl ether (100 mL) and 1.0 N HCl
(250 mL) were carefully added. (Attention: strong reaction and gas formation!)
The product (dithiobenzoic acid) was transferred into the organic phase which
was carefully extracted with water (150 mL) and 1.0 N NaOH (300 mL). The re-
sulting sodium dithiobenzoate can now be found in the aqueous solution. In
order to receive a clean product the whole extraction procedure was repeated
twice. Since the product is not stable in aqueous solution, step 2 was performed
subsequently.
Step 2: Synthesis of Di(thiobenzoyl)disulfide
Figure 78: Synthesis of di(thiobenzoyl)disulfide.
Into a conical flask containing the aqueous solution ofsodium dithiobenzoate a
40 mol% solution of potassium hexacyanoferrate (III) (16.6 g, 0.05 mol in 250 mL
distillated water) was drop wisely added over a period of 1 h. The precipitating
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red product was removed from the solution by filtration and washed with dis-
tilled water until the washing water became colorless. Di(thiobenzoyl)disulfide
was dried under vacuum and recrystallized from ethanol. The yield was 50 g, the
di(thiobenzoyl)disulfide was kept at 5 ◦C under nitrogen atmosphere.
Step 3: Synthesis of 4-cyano pentanoic acid dithiobenzoate (CTA)
Figure 79: Synthesis of 4-cyano pentanoic acid dithiobenzoate.
Into a dry round bottom flask (250 mL) dry ethyl acetate (80 mL), 4,4-azobis cano-
pentanoic (5.84 g, 21.0 mmol) and di(thiobenzoyl)disulfide (4.25 g, 14.0 mmol)
were added. The reaction mixture was refluxed for 18 h before the solvent was
removed under vacuum. The raw product was cleaned by column chromatogra-
phy (acetic acid/hexane 2/3). The solvent of the product fraction was removed
under vacuum. The resulting red, oily substance crystallizes over night at 5 ◦C.
Yield: 21.0 g (7.7 mol, 67%).
Rf value: 0.17 (ethyl acetate/hexane 2/3)
δH (400 MHz, CDCl3) = 1.93 (s, 3H, CH3), 2.34-2.47 (m, 4H, CH2), 7.36 (m, 2H,
CH), 7.53 (t, 1H, CH), 7.87 (m, 2H, CH) ppm.
δC (100 MHz, CDCl3) = 224.31 (1C, C=S), 177.31 (1C, C=O), 144.49 (1C, C(S)
(CH3)(CN)), 126.69-133.10 (5C, CH ar.), 118.38 (1C, CN), 33.00 (1C, CH2) 29.55
(1C, CH2), 24.18 (1C, CH2) ppm
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Figure 80: 1H NMR spectrum of 4-cyano pentanoic acid dithiobenzoate.
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B Polymerization Kinetics
In appendix B the polymerization kinetics performed for the RAFT homo poly-
merization of MMA and co-polymerizations of MMA/NAS, MMA/AAHS and
MMA/AMA is explained. In each reaction mixture 1,4-trioxane was added as an
internal standard. Form the polymerization samples (0.2 mL) were withdrawn
prior reaction and at different time intervals (15 min, 30 min, 60 min, 90 min,
120 min and 240 min). The samples were cooled in an ice bath to stop the RAFT
polymerization. The monomer consumption Ct was determined by 1H NMR
measurements of 0.1 mL of the samples measured in dmso-d6. The monomer
conversion was determined by the comparison of the vinyl protons of MMA
(for homo polymerizations) plus the ones of NAS, AAHS and AMA (for co-poly-
merization) with the protons of the internal standard 1,4-trioxane at δ= 5.1 ppm
using the following equation:
Ct = 1−
(
Hmonomer
Htrioxane
)
t(
Hmonomer
Htrioxane
)
t=0
(1)
in which Hmonomer is the integral value of the monomer peaks for one proton,
Htrioxane is the integral value of one proton of the internal standard peak and t
stands for the time of the polymerization. For the detection of the weight average
molar mass and the polydispersity SEC measurement in DMF were performed
with the remaining samples.
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C Calculation of End-groups from MALDI TOF
The following appendix should help to interpret the m/Z signal from the MALDI
spectrogram:
• The calculations were done exemplary on the signal m/z = 2550.309 Da.
• 2550.309Da− 22.99Da = 2527.319Da
At first the mass of the ionizing species (Na: 22.99 Da) has to be subtracted
from the m/z signal.
• 2527.319Da/100.12Da = 25.2438
The number of the repeating units can be calculated by dividing 2527.319 Da
with the mass of the repeating unit (100.12 Da for MMA).
• Corrected number of repeating units: 24.
The calculation results in 25 repeating units for the chosen mass peak. How-
ever, in our system the masses of possible end-groups are larger than the
mass of one repeating unit. This can be solved by subtraction of 1 from the
number of repeating units.
• 24· 100.12Da = 2402.88Da
Multiplying the number of repeating units with the mass of the repeating
unit gives a mass, which stands for the polymer chain without end-groups.
• 2527.319Da− 2402.88Da = 124.44Da
The mass of the end-group can now be calculated by subtracting 2402.88 Da
(mass of polymer chain without end-group) from 2527.319 Da, resulting in
124.44 Da (mass of end-group).
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D Synthesis of Activated Ester NAS
The synthesis of theN-acryloxy succinimide monomer were performed according
to the literature procedure [121].
D.1 Materials
N-Hydroxy succinimide, triethyl amine, acryloyl chloride (destabilized by col-
umn chromatography with aluminum oxid) were purchased from Sigma Aldrich.
D.2 Synthesis
Figure 81: Synthesis of N-acryloxy succinimide.
N-hydroxy succinimide (22.8 g, 0.2 mol) was dissolved in chloroform. Triethyl
amine (28 mL, 0.2 mol) was added and the reaction mixture was cooled in an ice
bath to 0 ◦C. Afterwards acryloyl chloride (16.5 mL, 0.2 mol) was slowly added.
The solution stirred at room temperature for 30 min and then extracted twice with
a saturated sodium chloride solution and four times with a saturated ammonium
chloride solution. The organic phase was stirred over magnesium chloride before
two third of the solvent were removed under vacuum. The product was achieved
over night by crystallization in ethyl acetate/pentane 1/2.
(Yield: 15 g, 45%)
δH (400 MHz, CDCl3) = 2.81 (s, 4H, CH2), 6.12 (q, 1H, CH), 6.28 (d, 1H, CH), 6.65
(d, 1H, CH) ppm.
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δC (100 MHz, dmso-d6) = 171.56 (1C, C=O), 169.0 (1C, C=O), 134.13 (1C, CH2),
127.53 (1C, CH), 25.65 (2C, CH2) ppm.
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Figure 82: 1H NMR of N-acryloxysuccinimide.
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E Calculation of Copolymerization Ratios
The co-polymerization parameters were determined according to the Fineman-
Ross method. Therefore different mole fractions of the co-monomers were poly-
merized by free radical polymerization for 7 min, guaranteeing a conversion less
than 10 %. (For the exact description of the synthesis see corresponding chap-
ter) The substance amount fractions (MMMA and MNAS) of the monomer solution
were calculated from the exact initial weight. The substance amount fractions of
the polymers (mMMA and mNAS) were determined by comparison of the signals of
NAS and MMA in 1H NMR measurements of the resulting material. With the use
of the following co-polymerization equations:
MMMA
MNAS
· mNAS
mMMA
·
(
mMMA
mNAS
− 1
)
= rMMA ·
(
MMMA
MNAS
)2
· mNAS
mMMA
− rNAS (2)
The co-polymerization ratios can be determined as the gradient and ordinate in-
tercept, when for different ratios of co-monomers
(
MMMA
MNAS
)2
· mNAS
mMMA
(3)
are plotted against
MMMA
MNAS
· mNAS
mMMA
·
(
mMMA
mNAS
− 1
)
(4)
in a diagram.
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F Bromination of Pendant Double Bond of Ca-Hot-PMMA/AMA
The bromination of the pendant double bonds was performed as an additional
prove for their existence and to outline the possibility of side group modifications.
F.1 Synthesis
The Ca-Hot-PMMA/AMA copolymer (0.5 g; M nSEC= 8000 g/mol) was dissolved
in dichloromethane (5 mL) and cooled in an ice bath to 0 ◦C before bromine
(0.16 g, 0.05 mL, 1 mmol) in dichloromethane (3 mL) was added. The solution
was stirred at 0 ◦C for 1 h and afterwards stored at 5 ◦C for 48 h. The polymer
was precipitated in methanol, washed twice to remove residual of bromine, and
dried under vacuum.
δH (400 MHz, dmso-d6) = 0.8 (s, 3H, CH3), 1.0 (s, 3H, CH3), 1.1 (s, 3H, CH3), 1.18
(s, 3H, CH3), 1.51 (s, 2H, CH2), 2.41 (q, 1H, CHBr), 3.5 (s, 3H, CH3), 3.9 (m, 2H,
CH2), 4.5 (t, 1H, CHBr) ppm.
F.2 Results and Discussion
The aim of this experiment was to address selectively the allylester groups of Ca-
Hot-PMMA/AMA by addition of bromine (Figure 83). A successful bromination
of the polymer chain would outline the intact side functionality of the copolymer
after the post polymerization modification step, as well as the possibility to use
such a material for immobilization of bioactive materials.
For characterization of the pendant side groups a Raman spectrum was recorded
from the resulting polymer (Figure 84).
The band at 1729.41 cm-1 was assigned to the vibrations of the methyl ester group
of MMA and AMA and the one at 653.82 cm-1 is characteristic for the vibrations of
the newly formed Br-C bond. Furthermore a signal at 1648.01 cm-1 characteristic
for the C,C double bond is missing and outlines a quantitative bromination of the
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Figure 83: Bromination of pendant double bond.
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Figure 84: Raman spectrum of bromiated Ca-Hot-PMMA/AMA.
The successful modification of the pendant functional group could as well be
proven by 1H NMR measurements. In Figure 85 a characteristic section from
δ=3.2 to 4.7 ppm is presented. The three signals Hi, Hh, Hj show the modifica-
tion of the side group. Furthermore no signals of the pendant double bonds at
(δ=5.9 ppm, 5.4 ppm and 4.5 ppm) were detected. The signal at δ=3.5 ppm is the
peak of the methyl ester of MMA.
The successful bromination of the C,C double bond proves that it is possible to
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modify the side group functionality of the polymer.
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Figure 85: Section of 1H NMR measurement of brominated Ca-Hot-PMMA / AMA.
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Glossary
∆Cp specific heat
δ chemical shift
Mn number average molecular weight
Mw weight average molecular weight
AAHS 6-acrylamidohexanoic succinimide
ACVA 4,4-azobis(4-cyano pentanoic acid), 4,4 azobis-(4-cyano
valeric acid)
AMA allyl methacrylate
ATRP atom transfer radical polymerization
BDI 1,4-butane diisocyanate
BDO 1,4-butane diol
br broad signal
BSA bovine serum albumin
Ca-Hot-PMMA carboxylic acid homo telechelic poly(methyl methacrylate)
Ca-Hot-PMMA/AAHS carboxylic acid homo telechelic poly(methyl methacrylate-
co-acrylamido hexanoic succinimide)
Ca-Hot-PMMA/AMA carboxylic acid homo telechelic poly(methyl methacrylate-
co-allylmethacrylate)
Ca-Hot-PMMA/NAS carboxylic acid homo telechelic poly(methyl methacrylate-
co-acryloxy succinimide)
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CDCl3 deuterated chloroform
CRP controlled radical polymerization
CTA chain transfer agent
d dublet
DMAP 2,2-dimethoxy-2-phenylacetophenone
DMF N,N-dimethylformamide
DMSO dimethylsulfoxide
dmso-d6 deuterated dimethylsulfoxide
EDCl 1-ethyl-3-(3-dimethyl aminopropyl)carbodiimide
ESC environmental stress cracking
FTIR fourier transform infrared
GSH glutathione (L-cysteine, L-glutamic acid, glycine)
h hour(s)
H12MDI 4,4-diisocyanatodicyclohexylmethane
HDI hexamethylene diisocyanate
Het-PMMA hetero telchelic poly(methyl methacrylate)
Het-PMMA/AAHS hetero telechelic poly(methyl methacrylate-co-acrylamidohexanoic
suciinimide)
Het-PMMA/AMA hetero telechelic poly(methyl methacrylate-co-allylmethacrylate)
Het-PMMA/NAS hetero telechelic poly(methyl methacrylate-co-acryloxy
succinimide)
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I initiator
IR infrared
Is-Hot-PMMA isocyanate homo telechelic poly(methyl methacrylate)
Is-Hot-PMMA/AAHs isocyanate homo telechelic poly(methyl methacrylate-
co-acrylamidohexanoic succinimide)
Is-Hot-PMMA/AMA isocyanate homo telechelic poly(methyl methacrylate-
co-allylmethacrylate)
Is-Hot-PMMA/NAS isocyanate homo telechelic poly(methyl methacrylate-
co-acryloxy succinimide)
m multiplet
m/z mass-to-charge ratio
MALDI TOF-MS Matrix-assisted laser desorption/ionization time of flight
mass spectroscopy
MIO metall ion oxidation
mol% mole percent
NAS N-acryloxysuccinimide
NCO isocyanate
NMP nitroxide mediated radical polymerization
NMR nuclear magnetic resonance
Pn degree of polymerization
PAMA poly(allyl methacrylate)
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PDI polydispersity index
PMMA poly(methyl methacrylate)
ppm parts per million
PUR polyurethane
RAFT reversible addition fragmentation chain transfer poly-
merization
RGD Arginine-Glycine-Aspartic Acid
s singulet
SAv Steptavidin
SEC size exclusion chromatography
SnOct2 tin (II) octoate
T temperature
t time
TEMPO 2,2,6,6-teramethyl-1-piperidinyloxy
Tg glass transition temperature
TGA thermogravimetric analysis
THF tetrahydrofuran
Tm melting temperature
TMS tertamethylsilane
tr triplet
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UV-Vis ultraviolet-visible spectroscopy
wt% weight percent
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